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PREFACE

The Flight Mechanics Panel of AGARD held a previous symposium on Flight Test
Techniques in October 1976. It closed with the feeling that certain areas would benefit
from further coverage, in particular that a survey of the development and proving of
aircraft sub-systems, together with associated environmental testing and instrumentation
facilities, was highly desirable. Thus the present symposium was conceived: it was to
provide detailed information on these topics for both the flight test engineer and the flight
test instrumentation engineer, and to encourage an exchange between the two.

With the range and complexity of modem aircraft systems the field was too broad to
cover in its entirety. The programme was therefore directed at presenting a representative
selection of the diverse problems facing today's test engineer, and illustrating more generally
through these the variety of techniques which are used to deal with them. The symposium
was organised around four broad subject areas -

- Navigation/Attack Systems Testing

- Aircraft Systems Testing

- Environmental Testing

- Instrumentation Techniques.

J.F.O'GARA
F.N.STOLIKER
Members, Flight Mechanics Panel

r

.o

lil



CONTENTS

PREFACE
by J.F.O'Gara and F.N.Stoliker iil

Reference

SESSION I - NAVIGATION/ATTACK SYSTEMS TESTING

TACTICAL NAVIGATION SYSTEM TESTING
by D.M.Carlson I

FLIGHT TESTING AND INSTRUMENTATION OF AIRCRAFT NAVIGATION
SYSTEMS

by M.J.Taylor 2

ESSAI D'UN SYSTEME INTEGRE DE PILOTAGE, NAVIGATION ET VISUALISATION
ICARAVELLE ALIS)

par A.Klopfstein 3

ONBOARD AND GROUND TEST OF AN AUTONOMOUS NAVIGATION SYSTEM
BASED ON TERRAIN CORRELATION

by H-D.Lerche

MISE AU POINT DU SYSTEME DE NAVIGATION ET I'ATTAQUE DE L'AVION
ALPHA-JET

par J. Lang 5

TERRAIN FOLLOWING SUBSYSTEM TESTING OF THE "TORNADO"*
by A.Hessel. U.Triebe and K.Konig 6

AIR TO GROUND WEAPON AIMING ACCURACY MEASUREMENT TECHNIQUES
by H.M.Malley and C.J.Dewhurst 7

DATA ACQUISITION AND ANALYSIS SYSTEM AS A TRAINING DEVICE FORSIMULATED CONVENTIONAL WEAPON DELIVERY

by C.F.G.M.Hofman and J.Batenburg 8

SESSION I SUMMARY SI

SESSION II - AIRCRAFT SYSTEMS TESTING

a ' AIR-TO-AIR GUNNERY SYSTEMS TEST AND EVALUATION
by J.A.Wiles 9

GUN HARMONISATION USING THE SECTOR ACOUSTIC MISS DISTANCE INDICATOR
4 by T.W.Chubb t0

COMPATIBILITE DU MOTEUR AVEC LES AUTRES SYSTEMES DE L'AVION
par J.Conche I I

FUEL SYSTEM TESTING AND TEST INSTRUMENTATION**
'4 by R.Aimo 12

ADVANCES IN LANDING GEAR SYSTEMS
by N.S.Attri and R.L.Amberg 13

RECHERCHE DES LIMITES DE FONCTIONNEMENT D'UN ROTOR D'HELICOPTERE
" EN VITESSE ET FACTEUR DE CHARGE

par B.Certain et J.M.Besse 14

* Paper not available for publication
• Paper not presented at Sympnsium due to illness of author, but included in this volume

iv



IReferene

ELECTRO-MAGNfI IC COMPATIBILITY - THE DETERMINATION OF SAFETY
FOR CRITICAL SYSTEMS

by G.MSmith IS

ELIABILrTY AND MAINTAINABILITY EVALUATION DURING INITIAL TESTING
by J.M.Howell 16

SESSION i SUMMARY S2

SESSION III - ENVIRONMENTAL TESTING

UNIQUE TEST CAPABILITIES OF THE EGLIN AFB McKINLEY CLIMATIC
LABORATORY

by R.D.Toliver 17

Paper 18 cancelled

DEVELOPMENT FOR HELICOPTER FLIGHT IN ICING CONDITIONS
by D.Gibbinis 19

METHODES D'ESSAI DU COMPORTEMENT DES AERONEFS EN CONDITIONS
GIVRANTES ET DES SYSTEMES DE PROTECTION CONTRE LE GIVRAGE

par M.A.Friedlander 20

SESSION III SUMMARY S3

SESSION IV - INSTRUMENTATION TECHNIQUES

L'INTERFACE MESURE DES SYSTEMES DIGIBUS
par C.Rai 21

PROGRAMMABLE MULTI-PURPOSE FLIGHT TEST INSTRUMENTATION SYSTEM
by R.Karmann 22

RECENT TRENDS IN FLIGHT TEST SIGNAL CONDITIONING
by D.W.Veatch 23

AN INVESTIGATION OF THE LINEAR AND ANGULAR VIBRATION
ENVIRONMENTS OF TRIALS AIRCRAFT

by G.L.Wray and D.J.Flynn 24

' A METHOD FOR MEASURING TAKE-OFF AND LANDING PERFORMANCE OF
AIRCRAFT. USING AN INERTIAL SENSING SYSTEM

by A.Pool, J.L.Simons. G.J.H.Wensink and A.J.L.Wilekens 25

MICROWAVE SYSTEM FOR REAL TIME SPACE POSITION MEASUREMENT
* by W.J.Irwin 26

4: PRACTICAL ASPECTS OF INSTRUMENTATION INSTALLATION IN SUPPORT OF
SUBSYSTEM TESTING

by R.W.Borek, Sr. 27

SESSION IV SUMMARY S4

SUMMATION BY THE TECHNICAL PROtRAMME COMMITTEE FS-p

,



'-

TACTICAL NAVIGATION SYSTEM TESTING
by

DOUGLAS H. CARLSON
US Air Force Armament Development Test Center/TEOF

Eglin AFS, Florida 32542
USA

SUMMARY

The development of today's sophisticated and accurate navigation and weapon delivery
systems has made the job of the tester increasingly difficult. These systems are being

" ,designed to accomplish the entire spectrum of tasks from pure navigation to target
acquisition/identification to delivery of both guided and unguided munitions.

Most of these systems are software intensive, a fact which is altering the entire
approach to development and testing. The need for thorough simulation and integration
efforts is apparent in almost every program through both successes and failures.

Three systems, the AN/ARN-101 Digital Modular Avionics System, the AN/AVQ-26 Pave
Tack, and the Stores Management System have all undergone development on the F-4 and/or
F-111 at Eglin Air Force Base and are excellent examples of these software intensive
systems. Following a brief description of these systems and the instrumentation used, a
discussion of the simulation and integration efforts in these programs is presented.

The differences in testing these systems are described in order to convince the
program manager, engineer, or tester that in today's world of compressed schedules,
decreased budgets, and rising.costs, he must alter the more traditional approach to
testing.

INTRODUCTION

Two of the most complex tactical navigation and weapon delivery systems to be
developed by the U. S. Air Force are in the final stages of their testing at Eglin AFB.
These systems are the AN/ARN-101 Digital Modular Avionics System for the F-4E and RF-4C,
and the AN/AVQ-26 Pave Tack for the F-111F, F-4E, and RF-4C. Both of thes- systems have
undergone several years of development requiring the rather extensive facilities at
Eglin. The history of these programs along with that of the Stores Management Systems
(also done at Eglin) will be used as examples in a discussion of tactical navigation and
weapon delivery system testing. Emphasis will be placed upon instrumentation and the
need for simulation and integration in the development process. In today's world of
compressed schedules, decreased budgets, and rising costs, the tester, be he program
manager or engineer, must understand the nature of these software intensive systems and
the requirement for a testing approach which is unlike anything previously used.

SYSTEM DESCRIPTION

The most complex avionics system test recently conducted at Eglin AFB is the AN/
ARN-101. It is comprised of the Inertial Measurement Unit (IMU), and an improved
LORAN-C system that interface with a digital control computer. It replaces the present
aircraft navigation computer, the inertial navigation set, and the weapon release compu-
ter set. In some ways, the ARN-101 is a follow-on to the AN/ARN-92 LORAN Set which was
installed in the F-4 during the latter portion of the Southeast Asian conflict. It is,
however, considerably more sophisticated than its predecessor. Through a series of
Kalman filters, the system integrates aircraft sensors and increases the accuracy of its
basic navigation and makes it less than susceptible to degraded modes of operation.

Although the integrated navigation feature represents a significant improvement
over the present F-4 navigation system, it is the tie-in with other aircraft systems
which provides the greatest advance in capabilities and presents the greatest challenge
to the tester.

The digital ARN-101 must interface with the analog F-4 and existing systems such as
the Lead Computing Optical Sight, Fire Control Radar, Target Identification System
Electro-Optical (TISEO), and Low Altitude Bombing Systems (LABS). The ARN-101 also
integrates a complement of weapons to include the LASER/Infrared Maverick, and GBU-15
Modular Guided Glide Bomb. The development task has been even further complicated by
the simultaneous development and integration of the AN/AVQ-26 Pave Tack which will be
discussed later.

'4
One of the basic concepts behind the development of the ARN-101 was to use existing

components whenever possible. The IMU, for example, is the same one that is used in the
F-16.

Figures 1-4 show the front and rear cockpits of the F-4E and the extent to which
they have been modified by installation of the AN/ARN-101. In the front cockpit, the
key changes are: (a) the Flight Director Mode Selector Control which allows the pilot
to select the various modes of navigation (i.e., TACAN, VOR/TACAN, ARN-01), (b) the
Auxiliary Digital Display Indicator which provides the pilot with a display of ARN-101
parameters selected by the rotary dial on the panel, (c) the Course Select panel contain-
ing two toggle switches which select course data and provide cueing during missions, and
a rotary switch which selects the weapon parameters from computer memory and provides the
information to the aircraft bombing system.
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The rear cockpit of the F-4 has undergone the greater number of changes due to the
ARN-101 installation. The key modifications include: (a) the Keyer Control which has
three rotary switches for selection of steering modes and navigational coordinate sys-
tems, as well as a means for data entry and display, (b) the Integrated Hand Control
which replaces the standard F-4E antenna control handle and also provides sensor slewing
and slaving signals, and discrete signals for the ARN-101/sensor interface, (c) the
Navigation Computer Set Control which provides digital modular avionics system (DMAS)
on-off control and selection of navigational operating modes, (d) the Target Insertion

4Controller which is used with the integrated hand control to exchange target and Initial
Point (IP) coordinate information between the DNAS and the aircraft sensor, (e) the
Sensor Select Panel which provides centralized switching of all the sensors associated
with ARN-101 cueing, (f) the Digital Display Indicator which is the primary alphanumeric
display unit that presents navigation and dynamic parameters such as altitude and air-
speed. In addition to the alphanumeric display, there are five status annunciator
lights which give indications of LORAN lock-on and overall DMAS status, and (g) the Data
Transfer Module receptacle which is used for insertion of a small cassette used for
loading ground programmed missions and retrieving post mission data.

In addition to controlling internal computer computations, the Weapon Systems Offi-
cer (WSO) can program up to a combined total of 52 destinations, targets, and avoidance
areas. The software program also allows the aircrew to designate two weapon delivery
programs from the ballistics stored in the computer.

F=4E FRONT COCKPIT AND CONSOLES
(MODIFIED CONFIGURATION)

ATTITUDE DIRECTOR
INDICATOR

H NORIZONTAL ,-?- 'i ' AUXILIARY
SITUATION I DIGITAL DISPLAY
INDICATORINICATOR

1IIr" woo'*~ ANNUNCIATOR

LASS/WEAPON IT17 ANNUNCIATOR
RELEASE PANEL

* ANNUNCIATOR

fl ~~ n -1ADOE COCKPIT
ENGAGING _0 0-

CONTOLLR C'i'a:-~IT MODE SELECTOR
~r~o~oTCONTROL

* MODE SELECT PANEL

FIGURE 1.

F-4E FRONT COCKPIT WITH AN/ARN-101
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F-411 AFT COCKPIT
INSTRUMENT PANEL

(MODIFIED CONFIGURATION)

* BARING DISTANCE
*ILS COURSE INDICATOR HEADING INDICATOR *DIGITAL DISPLAY

INDICATOR

0 0

*ANNUNCIATOR

D SPLTAY Mio ANNUNCIATOR

*DATA TRANSFER

FIGURE 2.

F-4E AFT COCKPIT CONSOLE WITH AN/ARN-Ifil

F-4E AFT COCKPIT
RIGHT HAND CONSOLE
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*LAW COONTROLPANEL MDIIDCOFGRAIN HAND CONTROL
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F-4E AFT COCKPIT
LEFT HAND CONSOLE

(MODIFIED CONFIGURATION)

*SENSOR SELECT PANEL

TARGET INSERTION
CONTROLLER - ( rt

*NAVIGATION COMPUTER s

F-4E AFT COCKPIT LEFT HAND CONSOLE WITH AN/ARN-101

The F-4E ARN-1OI Weapon Delivery modes are as follows:

a. B1ind

b. Dive-Toss

c. Continuously Computed Impact Point

d. Guns

e. Rockets

f. Air-to-Ground Missile

g. Integrated AN/AJB-7 attitude reference and bombing computer

In the RF-4C, the ARN-101 provides the standard navigation function plus the
reconnaissance functions of:

a. Mosaic Mapping

b. Route Reconnaissance

4 c. Point Reconnaissance

The reconnaissance system is also capable of weapon release computations for the Path-
X* finder mission where the RF-4C leads fighter aircraft to the target and weapons release.

In both the navigation and weapon delivery modes, the system can cue (slave) sensors
to the destination or offset points for navigation updates or as secondary targets. The

0cueing decision tree is very complex which makes the system very powerful, but also makes
operation very confusing.

The AN/AVQ-26 Pave Tack is an electro-optical target acquisition, and laser designa-
tor system which is carried on the F-4E, RF- C, and F-111F aircraft. The basic design

dW objective of the system is to provide an increased capability for weapons delivery
against preplanned targets when operating at high speeds and low altitudes, both during
day and at night.

The Pave Tack System consists of an externally mounted pod, cockpit-mounted controls
and displays, and necessary support equipment. The general arrangement of the Pave Tack
pod is shown in Figure S. It is divided into two basic sections: (1) a Base Section
Assembly, and (2) a Head Section Assembly.
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The Head Section contains an optical bench on which are mounted the Forward Looking
Infrared (FLIR), laser designator, laser range receiver, and the stabilized sight. The
optical bench is mounted in the turret structure which rotates in pitch and is driven by
the turret servo-drive motors.

The turret is mounted in the head structure which rotates in roll with respect to
the Base Section. This design permits complete lower hemispheric coverage of the line of
sight with respect to the aircraft. The electronic assemblies required to operate the
Head Section and to interface with the aircraft are located in the Base Section.

The Pave Tack pod is 4.14 meters in length, 50.8 centimeters in diameter, and weighs
579 kilograms. The pod is carried by an adapter which is hand-mounted to the pod. On
the F-4, the adapter is mounted to the standard fuselage-mounted bomb rack. On the
F-111, the pod fits into a rotatable cradle in the weapons bay.

The imaging infrared presentation has a 10 shades-of-gray brightness variation with
either white hot or black hot polarity selectable from the cockpit. The operator also
has available to him cockpit selectable wide and narrow field-of-view plus a double
magnification.

The interface with aircraft avionics is accomplished by an internal digital computer
and signal generator. The computer is a 16-bit stored program, fixed-point digital com-
puter, with a memory capacity of 16K words with growth potential to 40K words. The
signal generator processes the Infrared Detecting Set video output to add alphanumeric
annotation. The alphanumerics include three rows of character displays at the top of the
display, a pcd head pointing reference, and a time-to-go index for weapon release to
impact. The three rows at the top of the display show system and/or target status.

The Base Section contains provision for a video tape recorder for the FLIR output.
This recorder was used during the initial portion of the flight test but was replaced by
a video transmitter for telemetering video to a ground station during the latter portions
of the testing.

The rear cockpit of the F-4 and the right side of the F-111F cockpit are modified
for the Pave Tack system displays and controls. The cathode ray tube display is enhanced
by the use of a lens system which provides an approximately double magnification to the
tube image. Line-of-sight control is accomplished by use of a modified hand control with
a two-axis pressure sensitive thumb tracker. In the F-4, this is the same hand control-
ler as described earlier.

CID A * IIIANlE60 A (1115 ::V
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Pave Tack has two basic operating modes: search and track. 'ihe search modes are
intended for use in target location and are controlled by the tracking handle movement.
Forward, Right, and Left Acquire are intended for use in acquiring targets of opportunity
that are visually located by the aircrew. Snowplow will cause the sightline to be sta-
bilized in space for use in searching roads or other topographical features along which
the aircraft may be flown. Terrain Monitor will provide a view of the terrain directly
ahead of the aircraft flight vector to aid in terrain avoidance during low lcvel flight.
Cue points the sightline at a ground aimpoint designated by the aircraft avionics system.

The track modes are used to accurately track the groundpoint after acquisition in
one of the search modes. In Manual Track, the operator manually controls the sightline
with the thumb tracker to keep the target centered in the video display. fie is assisted
in the tracking task by rate aiding signals generated hy the Pave Tack computer which
improve in accuracy as tracking continues. Memory track can he commanded or is auto-
matically engaged when aircraft maneuvers result in sightline masking by thle aircraft
fuselage or stores. When the sightline masking no longer exists, the sightlir:e will tie
pointed at the target location and manual tracking can bie reinitiated. Once thle target
is being tracked, the operator can use the laser range finder/target designator to desig-
nate for laser guided mun it ions and as a highly accurate Sourrce 0 i ranging for bothi
guided and unguided munitions. The Pave lack can also be used for p)osit ioll Updat ing :r'ri
for damage assessment although this latter capabilitY willI prohabihl) not be uised I, ith.

Al though not yet a part of the product ion vers ion o f Pave Ilack , t est i ng i s he irig
conducted on a Visually Augmented Tracking System (VAtS) viich i es axe 'lack tihe capa-
bil ity to actually lock onto an infraredl Source, al lois ing the operator to d1iI ert i(rt-,
his attention to other tasks, during the tajrget rm

Thie Stores, Management System tIMSI was ik p rot 0! Vpc of a liIgit3i1urL~t1 r - Itt'J J11iir
borne monitor and control System tor managing thle c;trriaIee aInd do! ivory of it r, rj I
stores. I t was SSpec if icall Iy JovelIopoti to 0 oot thfe f olo ru0%1fg resjri lI rerlit - :I Z!1c
changes in the stores list for anr aircraft without TT.i -fr rodificat iou o the c~ P

aircraft systems; reduce tire neved for liardi i reI fror, the' 1C ckp)it -is tI tc- !11 *11''o
stat ions; prov'ide serial digital data to ct'rta in :ro,lcrnr werpens; 7kli I".1e
volume, and power requirements of the s 'ystemi; provide self test inc arid fi:ti I it 1i11i ;
thle grournd and in the a ir-; consolI ida te tIite p ilIot con t ro11s i t o ;I -. raI I nIre o11*1)r o t 'itt i I .t
and a display Panel ; provide thle pilot with tile ahi I itIN to T1rop Inil zl:., %,r"I oalw ' '
delI i ve r o r je t tiso n s equenc es ; and provide thle pi lot with %iI ii itv into iii.u P
weapon inventory. The F-4I was used as thle t estiheti, although J ilrill I Vsyt V11 , 01Iii.
used on almost an' weapon ca ir ring a ircra ft . Ihi 'i iv tcr i. i iiiid , iii It inll Iet tI
almost entirely within the Armament Division at igl ur. It Ilitt mu'CA wtht! the foll ,is11
principal F--IC aircraft subsystems; Central air .lrta trmprrtt rr iirr
ten, weapons release computer set, and1 tire aIt titri1Ie referen5 e I hMr11g rprtr-tt

Th'le SMS wasI a RlOlIt I t)b .t\o%,i , gen era I p)ii r po I e , d ig itj I !T in )1 , ol up It I r w i tr h u0K,
16-bit words of memory. hIle SMS was; c ompo sed o f fous if -Ia , pa I- t s Mi ii-i kir n lIit

(MLII) I Iu i pIeX bus, 'StatI i On log ic rini t aSll) , n a p iIo t ton t rott I IIL' P

lihe MIJP proceOsso inruut s f reir t life p i 1o t , s t ore v Sta t i errfs, a nd o t li e r i r i r a iO I oil
S 'vstemrs via tire multiplex buS; rlird outpirtt-d the reqii red irrforpiat iorr to thre ITP. thc
store stat ion, and the aircraft weapon System c-ii the !)us. Figuire os I, a pic:triaI~ re-
preserntationr of thle - 1M interface.

- . l~~~~ie mill t i p tx bus was a ir it- 1 ed pa i r Of W wres Wir I tb proc111 i W 4 ldth-COMM:-rc-rilrc
t ion media for thle Van enst componerrts of tire SS.It inc i rued tire mul t iple ox It a !IrII

*cent rol1l1r (I MI) inn t MIII, arrd the djjaI tra sm j jSS i err I irIe . lZiclI rTit C t or :11 R' I PI
on the bus irad tvo sets of trarnsmitters, receiisers , sync -codirrg circ:uit ry, ,I, KI atidress
decod ing logic bieu i re urhtI sses . Ii len a1 ia I I d curio-land svrr il, ;Il~ 1
atltre-ss was detec ted, t re Ill l ocked onto that bus rinit i I thle me!;Sage' isil 1,1 ce Clte n01 .1
max imum I IMO hadl elapsedI. Ihis allowed tire b~us corrtrolleor ttr transmit ol cit her ir,;is r
any SCtJuLncT 0

S An SI 1) was located in eajch of tire four wetapons py loris.- the frrict iorr or tire -Itl was
two- fold 14At cacir Stat ion or pylon, the ;LU1 monitored tire Status of al IIsiispcrr'led %wea-
pos lacir S1ll also decoded all messages coring to it arrd generaited tire appropriate
signal or electricarl ptower to the Store or back to tire NILi. tle S 111 coiuld control 411
stores in tire V-li1 fl ighrt manual. In addition, each was desigred to control futrrt
digital weapons and fru7es.

lrmmifeP11CP was tire inter face between the system, and tire pilot.Thscoea 4 apr-
gramablealphanumeric display whricir allowed tire pilot to program various release stqrierrce,

optins ndalltiiem rip at a later time for store release or launch incurdrting 'jettison.
It asinomdthe pilot of possible ira~artions conditions if lire tried to relealse stores
in an unsafe manner.

I NSTRUMENIAT ION

The tes ting oif systems as complex as those just diesc ribed reqiinirod a la rge numbecr of
tdat a sou rces . Tire AN/ARN- 101 is an example wh icir will Ire used to examine the probl em.

Internal to tire AN/ARN-Iril itself is tire capability to Store a nuimber of aircraft
parameters arutomatically at weapons release or selectively at any other time during tire
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mission. The memory in the system computers also has extra space which is used for test
related instructions and data while having little impact on the operational flight pro-
gram. Additionally, the aircraft alway, carried an Eglin designed instrumentation pod.
Figure 7 is a block diagram of the pod.

Digital data from the ARN-101 is buffered and formatted in the pod by the Digital
Data Interface Unit (DDIU). In addition to the data from the ARN-101, the DDIU also
receives inputs from the specially instrumented weapon carriage/ejection racks, and from
a discrete bomb release signal which identifies when the pilot actually commanded
release. These instrumented racks were necessary because the delay encountered from
ARN-101 weapon release signal to actual weapon release turned out to be significant in
final impact point determination.

The time code generator is a standard piece of instrumentation in virtually all of
the testing done at Eglin. Without this capacity, the merging of data would be
impossible.

Outputs from the DDIU are sent to an onboard 14 channel magnetic tape recorder and
are also telemetered to a ground station for real time monitoring and control.

The data are transmitted from the ARN-101 to the instrumentation pod in frames of
sixteen 16-bit words at a 1 megabit rate. These frames of data are transmitted at an
average rate of 20 frames per second, although there is not always 50 msec between
frames.

Output from the DDIU to the recorder is in frames of 1000 bits. The data within
each frame is arranged in 22 16-bit words numbered 0 to 21 for a total of 352 bits of
data.

The instrumentation pod for the ARN-101 project is fairly typical of those used for
airborne data gathering. Obviously, the pod gives the instrumentation engineer more
space to work with than a system within the aircraft itself.

The data recorded in the instrumentation pod or telemetered to the ground station is
processed by the Math Lab located at Eglin. The Math Lab also receives data provided
from the Time Space Positioning Indicator (TSPI) Radar, cinetheodolite tracking cameras,
laser scoring in the case of Pave Tack, and actual weapons scores. The Math Lab performs
the data merging. Figure 8 shows the basic flow of information into the Math Lab. The
PDP 15 is used as an input compiler and does not actually process any of the telemetered
data. One of the CDC 6600 or Cyber 176 computers is used for the actual data merging and
reduction. Using all of this input data, software programs have been written which out-
put a time correlated picture of the AN/ARN-101 sensor pointing angles, the resultant
weapon trajectories, and, of course, impact points.

The Pave Tack and SMS programs made use of very similar instrumentation systems. As
mentioned earlier, the Pave Tack pod has the capability of on-board recording or data
telemetry. The SMS aircraft had a time code generator, an Eglin designed pod which re-
corded a cockpit video signal and telemetered it to the ground, and the same 14 channel
magnetic tape recorder as in the ARN-101 instrumentation pod. The cockpit video was ob-
tained by an over the shoulder in-cockpit camera located on the left canopy rail in the
front cockpit. The 14 channel recorder was used to record the information traffic on the
multiplex data bus, the time code generator information, and the intercommunications
between the pilot and WSO.

Again, as in the ARN-101 system, the SMS testers made extensive use of the Eglin
Math Lab. The SMS test pilots also provided the test engineer with a detailed written
flight test report after the completion of each mission. This type of report is neces-
sary in any test where aircrew interface is great as in any of the tests discussed in
this paper.

It may be fairly obvious that the ARN-101, Pave Tack, and SMS tests had the benefit
of modern equipment, but a brief summary of the Eglin facilities actually used is
interesting.

The heart of Eglin's mission control is its Centralized Control Facility (CCF) which
is a real-time mission control and analysis computer center. The multi-purpose computers
which support the CCF have access of most range resources (radars, telemetry, and air-
borne units). Through specialized computer hardware/software configurations, mission
data is processed to provide real-time test analysis and control information. The CCF
computers, which include a CDC 6600, Cyber 176, IBM 360, and PDP 15, may be used as
stand-alone batch processors or as multi-interfaced, real-time computers.

The two mission analysis and control areas contain two real-time analysis and
either two or four real-time control stations equipped with state-of-the-art graphic
display system and communications panels.

The use of telemetry in conjunction with the CCF has proven to be extremely useful.
Data and functional readouts are available down to the level of switch positions and com-
puter modes. With a test engineer present in the CCF, it is possible to monitor a flight
and make changes as circumstances dictate. Many a mission has been "saved" because pro-
per test design allowed the ground-based expert who has spotted a siwtchology error or
suggested a successful fix when equipment malfunctioned.
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To support missions, Eglin also has available eight FPS-16 precision tracking radars
capable of covering the entire 724 square miles of land range and numerous cinetheodolite
cameras located on six land ranges.

INTEGRATION AND SIMULATION

The complexity of the ARN-101, Pave Tack, and SMS is obvious. These are all soft-
ware intensive systems which are using modern digital computers and techniques to accom-
plish their design goals. The basic techniques used within the systems themselves do
not differ appreciably; however, the manner in which they were developed and integrated
onto the F-4 and/or F-lll is quite different. As digital systems become commonplace, the
problems of system integration and simulation increase in importance. This is not always
an easy lesson for a tester or program manager to learn, because initial costs are often
large and the methods are not a natural growth of what was done in the past.

The AN/ARN-101 program was one of the first to attempt this difficult integration
task. Many of the problems encountered were not anticipated and the general practices
which software designers use today had not yet evolved. As a result, the program
suffered many development problems and delays. The F-111 Pave Tack and SMS programs
occurred later than the AN/ARN-101 program. The managers and testers had the benefit of
learning from their predecessors and were able to structure their programs in anticipa-
tion of the problems of aircraft software integration.

The need for complete ground simulation facilities is one of the most important
things that today's tester must be aware of. In the past, cost reductions in develop-
mental programs have been attempted. Such facilities, designed to emulate the interfaces
between pieces of equipment that will be experienced in actual environments, but under
controlled conditions, are very expensive. However, once the decision not to employ this
type of facility is made, the test program is committed to a "trial and error" approach
to discovering problems, which can be even more expensive. This is particularly true
with airborne equipment, where the many environmental variables are very expensive to
achieve, not even considering sufficient repetition to give statistical validity to test
results.

If a "hardware-in-the-loop" ground simulation facility is developed, it can be used
very economically in the verification of software, hardware, aircrew training, and per-
haps most important, the integration of new, digital avionics systems with each other and
with older analog aircraft systems. The integration of the Stores Management System and
of the ARN-101 into the F-4 represent such situations.

The SMS program made excellent use of computer and simulation facilities from its
very beginning. One aspect of the SMS program which worked well was that of initially
testing most of the software modules in the CDC 6600 prior to being installed in the
minicomputer. This was made possible primarily through the use of a higher order lan-
guage. Programming of the SMS was an area of primary concern to the testers, so they
built a cockpit mock-up with the new SMS control panel which was connected to computers
that functioned as the aircraft digital interface although this facility was not sophis-
ticated, it was ideal for this test. Numerous software errors were identified, new capa-
bilities programmed and useless ones deleted, and equally important, aircrews trained on
a complicated system. This facility no doubt saved a great many valuable flight hours
and increased the safety cf the flight test program too, as most all missions involved
weapon delivery.

Early in the ARN-101 program, it was determined that a "hardware-in-the-loop" simu-
lation facility would not be constructed. As hypothesized previously, this lack of a

. sophisticated ground test facility committed the test program to an expensive and time
consuming method for uncovering problems. The almost infinite number of combinations of
the system's input variables and system operating modes made it impossible to evaluate
each combination. Each flight could only concentrate on one small portion of the
operating matrix in a restricted area of the aircraft's performance spectrum.

The typical result was that problem definition and solutions were slow in coming.
4 When the proposed fix was incorporated into the ARN-101 system software, there was no way

(except more flight tests) to verify the effect of that patch on the original problem or
its effects on other parts of the system. The ARN-101 system software is very extensive
and complex, occupying 48k bytes of memory. Since coding additions, deletions, or
changes were made in only that area of the operating system with the known errors, it was
possible to determine what effect the local changes had on the overall program. These
effects on other parts of the system often turned out to be the most significant. A com-
puter controlled "hardware-in-the-loop" simulation facility could have been used to great
advantage here. Verification of software patches could be accomplished both in a local
and a global sense. Any desired flight profiles and/or sequences of weapon delivery
events could have been programmed into the simulation facility's control computer. The
computer could then run through this verification series with engineers and aircrews
available to make inputs as necessary. Additionally, a well designed and properly pro-
grammed control computer could help isolate and analyze new faults.

_.This verification series could run in real tivi, as fast as each of the events being
simulated. The results would then be available for analysis by the entire test team. If
airborne test missions were required to accomplish the same number of events, the time

'Rob&.
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consumed would be much greater and the cost could be enormous. The cost of saving money
is high!

Make no mistake, there is no intent to suggest in any way that actual flight testing
can or should be eliminated from a DT&E test program. Exactly the opposite. It must be
used to validate the results obtained from any type of ground simulation. But it must be
used effectively and efficiently. The most efficient use is to employ flight testing to
validate and update the fidelity of computer models and verify hardware/software inter-
faces and assumptions. The models will gradually then improve in accuracy. With suffi-
ciently good models, flight testing could really be minimized and a program manager
could still reasonably attach good confidence to performance predictions for his weapon
system in real world environments, even though the number of test flights is limited.
Flight testing is becoming more and more expensive every day. It will soon be a limited
test resource and must not be squandered.

An additional advantage of constructing an adequate ground simulation facility is
that once paid for, it will always be available. Procurement contracts should be struc-
tured such that the military service keeps final custody of unique equipment. If the
weapon system is procured, the logistics item manager should take responsibility for pro-
per maintenance and use of the simulation equipment. When tactical operator proposed
hardware changes and software updates come along (and they always do), the support agency
can use the "hardware-in-the-loop" simulation and high fidelity models constructed during
full scale engineering development to minimize the time and cost to field changes.

The need for complete simulation facilities goes hand-in-hand with the other concern
of today's tester; that of thorough integration of new and existing systems. In the
past, as a new or refined weapon delivery or target acquisition system was built, it was
simply introduced into an empty space in the aircraft, and testing could begin. This was
all the integration that was required. Today, with computer controlled systems that
interface with virt'ially every existing aircraft system, the integration task becomes
immense. This fact has not always been recognized or acknowledged. Those initially in-
volved in method of test development are not always aware of the problem, either because
of a lack of knowledge or understanding of the new system's capabilities, or due to no
experience background in this type of test. Unwillingness to acknowledge the potential
magnitude of the integration task can sometimes be traced to cost considerations on the
part of the program manager.

The integration of the Pave Tack System on the F-4 and F-1ll, although not trouble
free, represents both the strengths and pitfalls of testing as examined in this paper.
The F-4/AN/ARN-101 Pave Tack program is an example of what can happen if early integra-
tion is not thorough. During the establishment of the program, a separate contract for
integration of the various systems was not let. Therefore, no one agency had responsi-
bility for making the systems work together. By default, the USAF assumed the effort,
but was severely hampered by a lack of proper facilities and detailed systems's know-
ledge. The original integration of the two systems and the aircraft was planned to con-
sist of four flights, which were also to be used for aircrew training. Some six months
and 80 flights later, the integration testing was terminated. This termination was due
primarily to time and fiscal constraints rather than test objective completion. The only
ground facility used in this program was the GRM-99, a LORAN simulator which did not,
however, have the capability to tie in with the Pave Tack or other aircraft systems.
Unforeseen integration problems included inertial reference and boresight discrepancies,
spikes in ranging information which affected weapons delivery solutions lost, and motion
in pointing angle computations. Because many of these problems were unresolved at the
termination of the first test, it has been necessary to add two more test programs. The
AN/ARN-101 completed a six-month tape verification and validation test in May 1979 and an
F-4/ARN-101/Pave Tack Interoperability Test which ended in September 1980.

On the other hand, the F-111 Pave Tack program made provisions for an integration
effort from its very onset. Central to this effort were integration facilities at the
contractor's lant and at the test site. Both of these facilities consisted of cockpit
mock-ups whic were tied into computers which simulated the aircraft. They were origi-
nally built as F-111F simulators designed as flight software program validation and

4 verification facilities. When the Pave Tack development started, these simulators were
modified with the new cockpit configurations and Pave Tack inputs to the aircraft. Air-
crews who were to be flying the system went to the contractor's plant early in the pro-
gram when changes in such things as switch positions, displays, and operator/computer
interfaces were inexpensive.

At the test site, both the engineers and aircrews made regular use of the Integrated
'4 Support Facility (ISF). This facility was also being used by the USAF Logistics Command

for operational flight software program work, so it was (and still is) constantly growing
both in size and capabilities to the extent that the on-site computers were not large
enough to handle the demands upon them. As a result, a tie-in with a remote computer was
established.

Pave Tack integration with the ISF was accomplished in two ways. First, the pod
flight program was simulated in the ISF software. Second, the actual pod was connected
to the ISF. The first method is more difficult to achieve because so many factors must
be accounted for in developing a realistic simulation. However, once developed more
realistic missions can be "flown" on the simulator than with the second method where the
pod has a limited target area and lasing is restricted.
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The question as to how useful were the integration facilities is best answered by
the test results. The original F-ill Pave Tack test plan called for 20 integration
flights, many more than the F-4 effort. However, the integration was completed in 25
5orties, a small growth in the world of testing.

CONCLUSION

As complex, software intensive systems such as the AN/ARN-101, Pave Tack and SMS
continue to be developed, both the program manager and engineer must adjust their think-
ing and approach to testing if they are to be truly successful in development efforts.
This is especially true in today's world of inflation, rising costs and smaller budgets.

The AN/ARN-101 program did not develop a sophisticated ground simulation facility.
This fact led to an inability to efficiently discover and verify corrections to software
faults. This in turn has led to an extended series of test programs, all designed to
figure out what was really going on in the system's computer and then modify it as
necessary. Alternatively, a good hardware-in-the-loop simulation facility such as that
used in the F-111 Pave Tack and SMS programs aided their development processes immensely.
The facility should be tailored to the project requirements. As in the SMS, the com-
plexity and cost need not be high.

Of course, all programs are bound to suffer from many mistakes. Within the USAF
Systems Command, there is currently a good deal of emphasis on "lessons learned." Much
to the credit of those involved, the ARN-101 program seems to have learned some lessons.
The contractor now has an overlay program which fits right into the software and provides
position, altitude, and velocity in place of the IMU and allows ground testing of various
profiles before flight. There is also a capability of adding an aircraft stick for air-
crew training.

There is evidence, however, that other programs are not getting the message about
the importance o' simulation and integration. Hopefully this evidence is wrong.
Updating our thinking, no matter where we fit in the systems development cycle is
essential to the future success of our efforts.

Ir
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ABSTRACT

Reconnaissance aircraft which operate in areas remote from independent ground-based
positioning references have special navigation accuracy requirements. For navigation
systems designed to meet these requirements, the flight development task also presents
special problems.

Experience gained in developing navigation systems for the 'Nimrod' series of
aircraft over the past thirteen years has led to the derivation and establishment of test
methods which meet the needs of the job.

This paper presents an account of the way in which flight trials on Nimrod Mk.l,
Mk.2 and Mk.3 aircraft were formulated to meet the different operational patterns expected
in service, the various choices of navigation system modes and the constraints imposed by
test facility and air traffic limitations. The instrumentation of the aircraft, its
navigation system and the navigation reference system are covered, together with the data
analysis methods used.

The philosophy of flight trials is discussed as influenced by all the above factors.

LIST OF ABBREVIATIONS

A&AEE Aeroplane and Armament Experimental Establishment
ADF Automatic Direction Finding
AEW Airborne Early Warning
CTS Central Tactical System
DF Direction Finding
DME Distance Measuring Equipment
ESM Electronic Support Measures
FIR Flight Information Region
GMC Gyro Magnetic Compass
IFF Identification, Friend or Foe
IN(S) Inertial Navigation (System)
MR Maritime Reconnaissance
MSA Mission System Avionics
NIDAR Nike Digital Instrumentation Radar
PCM Pulse Code Modulation
RAE Royal Aircraft Establishment
SAC Synchronous Astro Compass

1. INTRODUCTION

The flight testing and development of an aircraft navigation system has elements
common to the flight testing of any aircraft or other airborne system.

4There is a specification to be met, defining the performance required of the system.
There are design features of the system to be demonstrated, which are essential to its
functioning but not necessarily conducive to its best performance. The design may contain
areas of technical risk, which must be explored. There are the requirements to make the
system capable of operation by a competent person in the airborne environment and to
attain a satisfactory state of airworthiness. A logical sequence of tests must be devised
and carried out to demonstrate satisfactory system performance. The test programme must
allow for the possibility of problems needing solution and be carried out in a minimum of
time.

In the flight testing of the Nimrod MR Mk.1, which began thirteen years ago, the
development of the Navigation System introduced a new field of trials activity which was
subsequently evolved through the Nimrod MR Mk.2 and is being applied currently to yet
another version of the aircraft; the AEW Mk.3.
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This paper describes the trials methods developed and used for 'Nimrod' navigation
systems against a background of the constraints applied to test flying in the UK between
1967 and 1980.

2. THE NIMROD AIRCRAFT

Designed originally to meet a Royal Air Force requirement for a Maritime
Reconnaissance and anti-submarine aircraft, the Nimrod Mk.1 was based on the well proven
Comet airframe. A weapons bay was added beneath the fuselage, accommodation was provided
for tactical sensors; avionic equipment was installed for navigation and communications.
The aircraft has since been updated with more modern equipment to the Nimrod MR Mk.2,
against the same basic requirement and a number are being converted to the Nimrod Mk.3
which is to be the Airborne Early Warning aircraft for the Royal Air Force.

All variants of the Nimroa aircraft perform a reconnaissance function, operating
largely over the sea, far from land-based positioning aids. The aircraft are expected to
work in conjunction with other defence forces and, in the maritime role, to deliver
weapons effectively.

These features lead to the need for Navigation Systems of sufficient accuracy to
deploy the aircraft to the required patrol area; when on station, the aircraft sensors
must collect data whose precision in geographical position must be fully compatible with
the defence network. When directing weapons systems or delivering weapons, the Nimrod
navigation system makes an important contribution to the overall accuracy required for a
successful strike.

2.1 Nimrod MR Mk.l

This aircraft (Figure 1) entered service with the Royal Air Force in September 1969.
The particular navigation system needs for this aircraft amounted to the following:-

(i) Airways Navigation Aids to meet normal transit and terminal requirements.

(ii) An absolute geographical position indication contained within a specified
error growth rate from start of flight.

(iii) A tactical position relative to sonobuoys contained, whilst manoeuvring,

within a second specified error growth rate.

(iv) Attitude, heading and velocity data for use with tactical sensors.

(v) Ability to be coupled to the Automatic Flight Control System.

To meet these needs, the overall navigation system equipment contained the following
items, which are detailed in Table 1.

(a) Airways and terminal aids:- VOR/ILS, TACAN, Gyro Magnetic Compasses, ADF,
Periscope Sextant and Air Data Computer. (Omega has been installed
recently as an in service fit).

(b) Elliott Inertial Platform with Doppler Velocity slaving, supplemented by
LORAN fixing. Back up was provided by Doppler velocity and GMC heading.

Outputs from the above were fed selectively to a Navigation Computer for Routine and
Tactical Displays and also for use with sensors, sonobuoys and weapons.

2.2 Nimrod MR Mk.2

Being an update of the Nimrod Mk.l, the aircraft has a similar appearance, (Figure 2),
except that wing tip pods have been designed to accommodate new ESM equipment. The basic
needs for the Navigation System are similar to those for the Mk.1 aircraft; but the
specification is significantly tighter in some ways, namely:-

(i) The airways navigation requirement is being updated to meet the current
Transatlantic Standard.

4 ti) Improvements to accuracy in both absolute geographical position and
tactical positioning.

( iii) Improved reliability.

iv) Improved data for Tactical Sensors which now cover, for example,
classification of Radar targets and ESM contacts.

NOTE: Being maritime targets, these may have low speeds comparable with
the potential rate of error growth of the Navigation System.

The equipment to meet these needs, (also shown in Table 1), includes a new IN
Platform by Ferranti with standby provided, as before, by Doppler/GMC. The use of the
Radar near land is also available as an aid and improved Sonobuoy Homer/DF equipment is
fitted. Omega is being Introduced subsequent to entry into service.
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2.3 Nimrod AEW Mk.3

The Navigation System for this aircraft, Figure 3, relies heavily on the technology
and equipment in the Nimrod Mk.2 (See again Table 1).

The requirements are strongly directed at mission reliability and to meet the needs
of a comprehensive Mission System Avionics fit, comprising long range radar and secondary
radar (IFF), ESM (similar to Mk.2 equipment) and communications capable of transmitting
data to describe the defence scene observed from the Nimrod AEW. The flight profile for
this aircraft, however, does not contain the tactical manoeuvring necessary to weapon
delivery.

3. DEVELOPING THE TRIALS PROGRAMME

The essentials of the Nimrod Mk.l Navigation System are listed in Table 1. Beginning
with this equipment in 1966, it was easy to see that the airways navigation equipments
could be tested by traditional means, checking aerial coverage for blanking, using visual
'on top' positioning to check range and bearing from known beacons. Ground swings on GMC
and ADF systems would also suffice provided the Compass Base was to Class I standard. When
it came to the Inertial System however, new ground was being broken. In fact the new
system relied on a Doppler/Inertial Mix (Doppler Velocities, used to keep the platform
erect, which itself provided IN heading) whose initiation, after static ground erection,
depended on starting position information, followed by a runway alignment procedure. When
the aircraft was manoeuvred tactically, Doppler attitude limits were likely to be exceeded
often and during those times the system would then be purely inertial. This would also be
the case if Doppler failed. Figure 4 shows a block diagram of the Doppler/Inertial
Navigation System.

It would be necessary to assess overall errors which might arise from initial
alignment of equipment, sensitivity of sensors, bias within sensors and noise giving rise
to oscillatory and unbounded drift rates.

3.1 Instrumentation

In the integration of the number of equipments from a variety of manufacturers and
for which British Aerospace (then Hawker Siddeley Aviation) had the responsibility, a
good deal of care had to be taken to identify the contributions of the components to
overall system performance. The schedule of parameters for recording, given in Table 2,
is ample confirmation of the detailed examination which was undertaken. It is perhaps
surprising to look back and see that three separate recording media were used, namely
35mm cini film (photopanel), 6 inch - 150mm photographic paper (galvonometer traces) and
1 inch - 25mm magnetic tape, recording digital data in PCM format.

The time constants within the system which were thought to be critical in the
initiation and detection of system errors, led to the choice of data sampling rates for
the cine and mag. tape records. On the basis of the recording of these parameters,
subsequent analysis was expected to reveal behaviour characteristics of the system giving
rise to errors of any significance.

The assessment of the installed system performance confronted the trials planners
with a special problem. Here was a navigation system providing a near continuous output
of position data to a resolution not previously experienced. In order to gain test data
of any value to the assessment of navigation accuracy, it was necessary to use a position
reference system from which continuous information could also be derived. The accuracy
and consistency of this data must be such as not to add significantly to the analysis task.
The availability of the reference system all the year round, 24 hours a day and covering
the geographic area available for testing, made for an ambitious target.

3.2 Trials Flight Planning

Figure 5 shows a map of the UK air space boundaries and airways network. Flying
within foreign FIR boundaries is not permitted for trials purposes and flights through
controlled airspace require careful pre-planning and co-ordination with air traffic
authorities.

The type of flying envisaged was to be based at Woodford and would be composed of
straight transit legs of 42 mins (half Schuler period) duration and of search patterns
and tactical manoeuvres representative of those expected to be used by the aircraft in
service. Representative altitudes for each flight phase were looked for and some flight
patterns were planned to be repeated on a number of different basic headings. In
particular, an attempt was to be made to separate North-South and East-West errors in the
transit legs.

3.3 The Navigation Reference System

Looking at the area which would be needed for such flights it was evident that
quite large blocks of UK airspace would be covered and that whatever reference system was
used must extend over the required area. The following possibilities were considered:-
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(1) TACAN

(2) DUE

(3) Ducca

(4) Precision Radar

(5) Photographic Survey (confirmation only)

The availability of the various equipments up to about 1970 is indicated in
Figure 6.

The use of TACAN and DME stations as triangulation bases appeared possible,
although coverage was not ideal. However, for such a solution a navigation computer
would have had to be developed for the reference system. This proposition was not
favoured as an accompaniment to the aircraft development programme.

The use of existing Decca Navigator chains appeared attractive, offering a 68%
probability of fixing errors within 25 metres on selected paths during full daylight.
Diurnal and Seasonal variations detracted somewhat from this performance, but the
coverage and the reliability of Decca were very favourable factors. The A&AEE at Boscombe
Down in the UK had gone to considerable trouble to make a photographic survey of one
particular Decca-based route and had thereby produced evidence of the claimed accuracy.
Another route was surveyed using an F49 camera mounted in the prototype Nimrod. This
was the Purple Bisector (line of best accuracy) of the English Decca Chain. Corrections
to the Decca data were thus available to produce an even finer accuracy if the need arose.

Since these two routes were nearly East-West and North-South respectively, the
decision was made to use them as the basis of all transit leg work. The aircraft pilot
was to be provided with a Deccometer which simply had to be maintained at a constant
reading for 42 minutes. A dedicated operator was to be employed to monitor and log Decca
position throughout the relevant parts of the flight. Decca output was interfaced to the
magnetic tape recording system appearing as a series of four 18-bit words recurring every
second.

In the meantime, discussion with the RAE missile tracking range organisation at
Aberporth in West Wales, established that use of one of their FPS 16 radars in specified
areas might be fitted in with missile work, to cover the tactical or short term manoeuvre
patterns (Figure 7). Using an area behind the main range (to allow other work to continue),
the FPS 16 position accuracy was given as about 1 metre per 5 Km range. This accuracy
was achievable in areas not subjected to multipath errors introduced by high ground, in a
manner indicated by the contour shown in Figure 6. Further, it was necessary to avoid
the random errors of skin tracking on a large aircraft and to fit a suitable transponder.
It was then necessary in analysis to allow for the distance between this transponder and
the IN platform and it was of course vital to attain a high degree of accuracy in the
synchronisation of aircraft and radar records. This was achieved by the ident.fication
of the trailing edge of a precisely timed tone released on a dedicated V/UHF radio.

The option of recording over-land 'fixes' photographically was retained, using an
F49 vertical camera in lieu of aircraft operational equipment.

The flight plans which emerged were based on the surveyed Decca routes and on the
*" Aberporth range, in this case using the normal Decca area coverage as a lead in. Flying

was normally to take place in daylight hours and was thus more constrained in the winter
period. For a programme expected to last some months, this was an undesirable yet

* unavoidable situation.

3.4 Aircraft and Runway Alignment

The final detail of the navigation reference arrangements was the determination of
S4 aircraft true heading before and after a trials flight, and the recording of aircraft

mean heading during the runway alignment phase. The first essential was the harmonisation
• £ of navigation sensors with an aircraft centre line reference. This was achieved in final

build stages by transferring an IN platform between the various mountings. Determination

of true heading was made by a simple theodolite base at Woodford referenced to accurately
surveyed landmarks. Mean heading on the runway was measured firstly by marking the static
position of the aircraft lined up for take-off. Its position at the end of the runway
alignment phase (about 600m distance gone) was then recorded by a mark left on the runway
when a small paint capsule was fired from a gun mounted vertically in the airc~aft.
Simple measurements then nroduced the required information to better than 0.01 accuracy.

3.5 Trials Support

The overall avionics development programme for the Nimrod Mk.l had provisioned for
a system rig similar in physical layout, power supplies, inter rack wiring and equipment
cooling to the real aircraft. As well as working up the equipments, sub-systems and

seftware before flying began, this rig was invaluable in the support of the flying
programme. It enabled hardware and software faults to be simulated and allowed
development to take place away from the aircraft. In particular, special nay, computer
software overlays, for trials purposes, were validated on the rig.
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After a normal acceptance procedure, spare components were also operated on the
system rig before being fitted to the aircraft.

3.6 Analysis

A block diagram of the data flows for analysis of flight records is shown in
Figure 8. After a flight involving the Aberporth radar, the radar record would be
recovered by road to the main analysis site. For the Nimrod Mk.l trials this radar
record had to be digested by a mainframe computer before merging with the flight data.
For Decca based runs, the same basic analysis arrangement was used without the radar
input of course. In each case the first line analysis would be the breakdown of Navigation
position errors into Northerly and Easterly components, also along track and across track
errors. After this process had been completed, the more laborious analysis of trace
records would be undertaken selectively in order to relate component behaviours to the
particular flight path, system mode, and environmental conditions experienced. This same
procedure was used for all the available Navigation System modes (ie. Doppler/IN, Pure IN,
Doppler/GMC, Air Data/GMC) and it was the intention to build a mathematical model,
particularly from the IN based results.

3.7 Programme

Two comprehensively instrumented aircraft were allocated for navigation trials,
contained within a programme including other trials, especially on the closely allied
tactical systems. One of the aircraft was a systems prototype but the other was an
instrumented production aircraft with development equipment on board. Overall flying rate
was planned at 20 hours per aircraft per month into which all development changes, routine
servicing and maintenance were fitted. On this basis the contractor's navigation
development trials were completed in a period of two and a half years, using about 330
flying hours shared between the two aircraft.

3.8 Trials Experience and Results

The early period of prototype flying was given over to shakedown of systems. In
common with experience elsewhere, it was found that electronic systems using low voltage
signals passing through a multitude of wires and miniature connectors were not without
their problems. The normal rigours of the flight environment were enough to reveal snags
not uncovered by exhaustive ground checks. Painstaking efforts were needed to achieve
reliability and produce a fully serviceable navigation system.

The flying of the various navigation patterns was successfully negotiated. Good
co-operation by civil and military air traffic controllers enabled the specialised
demands of the Nimrod flights through controlled airspace to be met with minimal
disturbance. Careful pre-planning of the use of the Aberporth range likewise yielded
successful results, although missile firing sometimes delayed Nimrod sorties and winds
over 60 km/hr were sufficient to deflect the tracking antenna mountings and render radar
data unreliable. Sorties were never abandoned due to radar or Decca transmitter failures.

The gradual accumulation of reference data and experience of operating the navigation
sorties enabled reliable figures to be built up on detectable errors in the navigation
system. Position errors could always be detected to an accuracy better than 30 metres, a
measurement comparable with the size of the aircraft. Rate of error growth could always
be measured accurate to about 0.6 km/hr. These figures were, of course, improved on
close to the radar range head. These data were gathered during performance and fragmented
navigation patterns described in Paragraph 3.3.

From such information it was intended to build a mathematical model of the
navigation system but this was found difficult to achieve at the time of the trials,
partly because instrumentation coverage was not ideal. Modelling of the Nimrod Mk.l
navigation system was subsequently successful as reported in Reference 1. The behaviour
of the inertial system was ultimately found to be dependent upon the entire history of a
flight from 'brakes-off' to the current position. However, work had been done to establish
statistical evidence of the performance of a number of IN platforms on which the primary

navigation mode of the Nimrod Mk.1 relied. This included ground rig work on drift rates.
Subsequent production series equipment could then be shown to produce part of the same
population of results.

The passing off of production aircraft systems was reduced to a straightforward
routine. A'bolt-on'Decca set was mounted in the aircraft coupled to an ADF/Loran aerial.

The IN was subjected to drift runs both on the systems rig and in the aircraft to
trim the platform. Four consecutive straight transit runs were made on the 'Purple
Bisector' of the English Decca chain. Simple data recovery from the aircraft's Mission
Analysis Recorder, (programmed to accept Decca on test flights) produced error plots on
the same day as the flight. Evidence of the consistency of some production results is
shown in Figure 9.
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4. NIMROD MK.2

By the time deliveries of Nimrod Mk.1 to the Royal Air Force were complete, updated
tactical sensors were already under serious consideration and it was realised that a more
accurate and reliable Navigation System would be needed to complement the new avionics
fit. The Ferranti FIN 1012 Inertial Platform was chosen for the primary navigation mode,
Teversionary modes being as for Nimrod Mk.l. Loran was retained as a fixing and updating
aid when in good groundwave cover. Information from all the Navigation sensors was to be
input to a new Central Tactical System providing revised Routine Navigation and Tactical
displays, based on the best navigation information available.

The Ferranti platform is self-aligning, requiring no runway alignment phase.
Confidence in the long term accuracy of this platform had been gained during development
by Ferranti, (Reference 2) and subsequently in evaluation trials by the Royal Aircraft
Establishment at Farnborough.

It was arranged that, prior to British Aerospace trials, each platform used for
assessment of navigation performance would have a declaration of performance. This was
to be based on data gathered from flights by the RAE with small batches of development
platforms. (This process of platform qualification was continued on production platforms
by the A&AEE at Boscombe Down).

4.1 Trials Objectives

After experience with the Mk.1 aircraft, the purpose of the Mk.2 trials could be
somewhat refined.

In demonstrating Navigation performance, statistical evidence could also be shown
that this performance was not degraded from that declared for the platforms in the RAE
tests.

The navigation performance in reversionary modes with special reference to the
modified GM7 Compass would also be demonstrated.

Integration of the Navigation Sensors with the Central Tactical System and hence
with the Tactical Sensors would be proved. Equipment conditioning and compatibility
trials would be made to ensure that the overall installation was satisfactory.

One of the significant purposes was to gather sufficient data to validate a
mathematical model of the Navigation System on which comprehensive performance
characteristics could be determined. Assessments of ergonomic design, operating and
servicing procedures and built in test functions were also to be made.

4.2 Navigation References and Trials Planning

Based on the previous experience and results, the aim for the Mk.2 was to plan
trials sorties which were far more nearly representative of operational flight patterns.

This meant longer sorties with less constraints on tactical manoeuvres than had
been accepted for the Nimrod Mk.l. With Decca coverage of the UK now improved, (Figure 6)
its use on an area basis was again planned, with Bisector runs for special purposes. The
Aberporth FPS 16 radar accuracy was good enough for tactical work but availability and
range boundaries were restrictive so the Army radar range at Benbecula off the West coast
of Scotland was investigated, (See Figure 6). This range had been re-equipped with NIDAR,
a radar of comparable performance with the FPS 16. Despite considerable advance planning
efforts, a way could not be found to use this range effectively, partly through inadequate
calibration and partly through the difficulty in managing priorities. Finally therefore
a series of long sortie plans, mixing transits, search patterns and tactical manoeuvres
was decided on, with the later manoeuvres contained within the Aberporth range boundaries.

4.3 Aircraft Alignment

Harmonisation of the new navigation sensor equipment with an aircraft centreline
* reference was effected for the Nimrod Mk.2 by the use of a Wild ARK-l gyro theodolite.

4 Mounting adaptors at Doppler and IN positions were specially made for this purpose and
reference was made to the aircraft compass sighting rods for datum purposes. External
aircraft markings were used for pre and post-flight heading measurements as with Nimrod
Mk.l but using the Wild gyro theodolite.

4.4 Trials Support

Probably the greatest advance in support between the two versions of the aircraft,
was made in the Systems Integration rig. Constructed to represent the Tactical compartment
of the aircraft, it contained a Navigation System and Central Tactical System. Air Data
Computer, Radio Altimeter and Loran were not fitted but interfaces between these equipments

and CTS were representative, allowing realistic signal inputs to be used.

An INS simulator was incorporated to create 'live' navigation data. Simulation of
GM7 and Doppler inputs was also developed to match the simulated IN movements. Sub-system
and system integration tests were performed on the rig, exercising components over their
full input-output ranges, unlikely to be achieved in flight. Validation of flight
software, including trials overlays was also completed.
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As before flight instrumentation was incorporated in the rig, but here the more
comprehensive avionic instrumentation modules could be fully represented. As before
analysis procedures were run and developed before flight trials began.

4.5 Instrumentation and Analysis

With regard to recorded parameters, the basic philosophy was unchanged from Nimrod
Mk.l. However, even greater coverage of sub-system parameters at greater recording
frequency was adopted as a result of Nimrod Mk.l experience and the variety of recording
media was not worthy of repetition. Digital magnetic tape recording of all flight data
was adopted with a more efficient data processing system based on the PDP 11/45 computer.
Merging of radar range and flight data was carried out at the one facility and second line
analysis was handled on a separate PDP 11/40 machine. First line analysis could be
completed within 6 hours of the reception of the radar record.

4.6 Programme

Again, two fully instrumented aircraft were allocated to navigation trials. One was
an early prototype aircraft representative only in the fit of navigation equipment. The
second aircraft was built to the full Mk.2 conversion sttndard and was capable of longer
flight durations. This feature was of importance because the improved navigation system
did not reveal easily detectable errors until the flight was well under way. The decision
to use the Aberporth radar range to a greater extent on each sortie was clearly correct
in that the most important phase of navigation error detection was flown against the more
accurate reference. Greater conflict with missile work on the range was inevitable.
However, the navigation develooment flying was completed in con.junction with other tasks
over a period of 14 months, using 240 hours of flying time.

Production conversion of Nimrod Mk.2 is in the early stages, but it is already
evident that the reliability of the navigation system is aiding more rapid clearance. A
long sortie is a feature of this procedure when navigation and tactical sensor checks are
interleaved to mutual advantage. Only airways type navigation aids are needed for
navigation reference. The long sorties are terminated with ground examination of residual
platform drift.

5. NIMROD MK.3

This aircraft uses the same primary navigation sensor as the Nimrod Mk.2. The
Ferranti FIN 1012 is duplicated for overall Mission reliability and the live platform is
used as attitude and heading reference for the Mission System Avionics. Having a less
vigorous flight profile to endure the overall Navigation System errors are likely to be
less than those measured on the Maritime reconnaissance aircraft.

The Mk.3 trials have just begun. It is confidently predicted that a considerably
reduced flight time for navigation system development will be required, even though its
interface with a new Mission System Avionics fit is involved.

The principles evolved through Nimrod Mk.l and Mk.2 trials are being refined and
adopted once more:-

(i) A Systems Integration rig, including MSA is being commissioned. IN and
compatible navigation system simulators are in use. Representative

instrumentation is fitted.

(ii) Trials software for the on-board navigation computer has bt.sn developed on
the Systems Integration rig and is in use on the first development aircraft.

(iii) Flight s,rties will follow representative operational profiles. Precision
radar will be used to cover as much as possible of these sorties. Decca is
being used for simple drift assessment and lead in to patrol pattern flying.

Navigation trials on the Mk.3 are scheduled on two fully instrumented aircraft and,
interleaved with other development, trials are expected to occupy about 100 flying hours

of flying time.

6. CONCLUDING REMARKS

The flight development hours flown by British Aerospace on a series of Nimrod
navigation systems shows a diminishing total with each successive system (Figure 10). At
the same time, it must be recognised that considerable research and development effort
was made by the manufacturers of individual sensors and by government establishments.
Also the support work on the ground has progressivley increased in sophistication. It is
now pertinent to considor what, the future requirements will be for flight testing
navigation systems.

Already, brief experience has been gained on a Nimrod flight with an IN platform of
significantly lower drift rate than any of the equipment dealt with so far. Also some
evaluation has been made of Omega accuracy. Using the current standard of navigation
reference, it now becomes necessary to fly longer sorties before reliable measurements of
drift error can be made. For non time dependent systems, flying closer to tile radar range



head becomes necessary, thus restricting the available trials area.

It seems likely that military aircraft will continue to exploit the most accurate
navigation position and heading information that can be made available. This information
will continue to be needed both for long term geographical position and short term weapon-
aiming purposes. We may therefore expect further development of the independent IN
based systems, possible integration with superior position fixing aids and the power of
the on-board computer to be utilised to enhance the value of whatever sensors are selected.

Assuming that future systems live up to their promise, it becomes increasingly
difficult to find a reference against which to declare a navigation performance. In the
UK the provision of an enhanced precision radar facility may fulfil the needs of the
immediate future. The linking of the Aberporth and Benbecula ranges could be a useful
step in this direction.

It must be admitted however that in face of sustained improvement in navigation
systems, it will be a struggle to keep continuously recording references anything like an
order more accurate than the system under test.

It is quite possible that we may find that successful development in this field
lies in a far greater effort on the ground, accompanied by a relative reduction of flight
trials effort. The system development would be made through more sophisticated software
designs and mathematical modelling. The flight trials would reduce to a few precision
measurements of position and heading allied to carefully controlled flight profiles. It
is the author's belief that this will be the way ahead.
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AIRWAYS AIDS:

Twin Sperry GM 7 Compasses; Marconi AD 360 ADF;
Hoffmann AN-ARN 72 TACAN; Twin Marconi AD 260 VOR/ILS
Elliott 81-01-26 Air Data Computer
(Litton LTN 211 Omega Retrofit)

TACTICAL NAVIGATION:

Elliott E3 Inertial Navigation System

NIMROD MR MK.1 Decca 67M Doppler Radar
Decca ADL 21 LORAN
CDC/Kollsman Synchronous Astro Compass

NAV/TAC COMPUTING:

CDC Automatic Wind Computer
CDC Sea Motion Corrector
CDC Spherical Data Computer
CDC Ground Speed Coupler
CDC Ground Speed Resolver
Elliott 920B Computer

AIRWAYS AIDS:

Twin Sperry GM 7 Compasses; Marconi AD 360 ADF;
Hoffmann AN-ARN 72 TACAN; Twin Marconi AD 260 VOR/ILS
Elliott 81-01-26 Air Data Computer
(Litton LTN 211 Omega Retrofit)

NIMROD MR HK.2 TACTICAL NAVIGATION:

Ferranti FIN 1012 Inertial Navigation System
Decca 67M Doppler Radar
Decca ADL 21 LORAN

NAV/TAC COMPUTING:

CDC Spherical Data Computer
Marconi Avionics 920 ATC Computer

AIRWAYS AIDS:

Single Sperry GM 7 Compass; Marconi AD 360 ADF;
Marconi Avionics AD 2770 TACAN;
Twin Marconi AD 260 VOR/ILS
Elliott 81-01-26 Air Data Computer

NIMROD AEW MK.3 TACTICAL NAVIGATION:

Twin Ferranti FIN 1012 Inertial Navigation Systems
Decca ADL 21 LORAN

NAV COMPUTING:

CDC Spherical Data Computer
Marconi Avionics 920 ATC Computer

JTABLE 1

NIMROD NAVIGATION SYSTEMS - MAJOR COMPONENTS
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PHOTOPANEL RECORDER PAPER TRACE (GALVO) RECORDER MAGNETIC TAPE RECORDER

Primary heading changeover Primary/secondary heading Primary true heading.
to Ground Speed Resolver. selected. Secondary true heading.
Primary true heading to Nay mode selected. True track for 920B computer
computer from IN. Destination or track Primary/secondary heading

W Secondary magnetic heading selected, selection.
E- Nos. 1 and 2 GMC. Analogue computation in Destination or 'track set'

True heading output from memory, mode.
0 No.2 true synchro amplifier. Ground speed correction for Selected destination (lat/
O True heading output from sea motion, long) when 'steer' is

heading repeater. Drift correction for sea selected.
SSAC corrections to IN and motion. Distance to destination.
W GMC systems. Across track error.

Input to variation unit. Accumulated meridian
Secondary system comparator convergence change since
operations No.l/No.2 and last computation of
Primary/No.2. required track.

Selection of runway Inertial N/S and E/W Inertial N/S and E/W
Z alignment, velocities, velocities.

Runway orientation setting Inertial N/S and E/W
coarse and fine. velocities to Ground Speed
Selection of Read heading/ Resolver.
Read track, Track angle Steer button.

z IN Platform Heading. Selection of runway
alignment.

o IN mode selection and Doppler/IN mix signals.
z failure warning. N/S and E/W.
x IN roll and pitch attitude. Doppler ground speed

Doppler attitude limits, slaving signal from Auto
z Doppler signal/noise trip. Wind Computer.

Doppler error trip and IN platform and Doppler
w interlock, failures.

Auto Wind Computer failure
land/sea selection.
Sea Motion Correction
On/Off.

Outside air temperature. Windspeed computed or set True Airspeed (TAS).
w Altitude output. in air data mode.

TAS input to Automatic
Wind Computer from Air Data
Computer.

- TAS input to 920B Computer
from Air Data Computer
Interface.

Sea Motion Corrector On/Off. Unresolved ground speed Corrected drift angle from
Automatic Wind Computer fail, from Ground Speed Resolver Automatic Wind Computer to
Automatic Wind Computer mode, to Automatic Wind Computer. 920B Computer.

." IN good. Error in Automatic Wind Ground speed output from
0 Doppler good. Computer drift relative to Automatic Wind Computer to
F- Corrected drift angle from Ground Speed Resolver drift. 920B Computer.

* Automatic Wind Computer. Ground speed output from Time of re-synch analogue
Computed wind direction. Automatic Wind Computer to and digitally computed
DR fat and long to 920B 920B Computer. position.

C, Computer. Unresolved ground speed at Lat and long 920B Computer
G Actual true track to nay Ground Speed Resolver. input and digital output.

display. Input from Ground Speed Distance to destination.
z N/S and E/W ground mileage Coupler. Command track.
O increment outputs from Au,, ,tic Wind Computer
SGround Speed Resolver. fai,

Sea Motion corrections to
Ground Speed and Drift.

<Variation input to 920B
Interface Unit.

Corrected drift angle from
Automatic Wind Computer to
920B Computer.

Chain selection. Lane ident. Actual aircraft position in
Decomater, red, green and Decca lattice or
purple lanes, co-ordinates.

w Decca ignore.
Zone accumulation meter.

TABLE 2 - NIMROD MK.l SUMMARY OF NAVIGATION SYSTEM INSTRUMENTATION PARAMETERS
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ESSAI DUEN SYSTI INTEGRE DE
PILOTAGE, NAVIGATION ET VISUALISATION

(CARAVELLE ALIS)

par
Alain KLOPFSTEIN

Ing6nieur Navigant d'Essais
au

Centre d'Esosaaen Vol
91220 BRETIGNY/ORGE

FRANCE

RES3UME

La complexith des 6quipements d'avionique a fait appara~tre le besoin de systimes intigris i bord
des avions. Un systiuae expfrimental a 6t inata1I6 sur une Caravelle. 11 assure lea 6changes dinformationa
entre lea commandes automatiques de vol, les visualisations de pilotage tite haute et tite basse. et lee
calculateurs de navigation et de guidage.

Les essais, qui viennent de commencer, porteront Sur lea amiliorations possibles des capacit~s
op~rationnelles de I'avion compte tenu de l'association des diveraea fonctions et de l'int~gration des
interfaces avec l'iquipage.

1. GENERALITES

1.1. But de l'6tude

L'explosion technologique qui a suivi lintroduction du transistor puis de 10 microilectronique
dana lea 6quipements embarqu~s. et dont Vapparition des m~moires A bulles eat Ia plus r~cente manifes-
tation, continue A se propager plus vite que la r~flexion des utilisateurs potentiels A concevoir des
systimes coh~rents. Les divers 6quipements embarqu~s se sont sophistiqu~s sOpar~ment, grice A ces nou-
velles possibilitis technologiques, et certaines fonctions ou calcula sont souvent r~alisis pluajeurs
fois dana l'avion. (Mesure des assiettes, calculs de rotation d'axes, calculs de vitesses etc ... ).

Le but initial de l'Otude financge par le Service Technique des Til~coemnunications et des Equi-
pements (STTE) de is DTCA eat de favoriser le diveloppement de systirnes dits"intigrks", coruus pour
6viter lea duplications inutiles en faisant circuler lea donn~es dintgr~t g~nkral vera lea diffkrents
6quipementa qui en ont besoin, et optimiser Ia repartition des fonctions communes A l'ensemble de l'a-
vionique.

Mais cette approche, qui conaiste A considgrer globalement toute l'avi~nique commse un systeme,
conduit rapidement A de nouveaux concepts d'utilisation opgrationnelle des aviona. L'intgration des
fonctions de visualisation et de cojmmandes qui sont lea interfaces entre l'honsne et In machine, a des
cons~quences sur le poste de pilotage de lavion (planche de bard et cotmmandes de vol) et l'aboutisse-
went naturel de Ia d~marche eat l'intkgration de lensemble de lavion, de sea 6quipements .. . et de
l'fquipage, en un syst~me optimis6. Et c'est pourquoi le probIZ-me de la charge de travail de l~iquipa-
ge, abord6 au depart en terms de diminution de cette charge, sera peut-A-tre r~examin6 au cours des
easais, en terme de tranafert et de changement de nature de la charge, afin de faire collaborer l'iqui-
page, au mieux de a capacit6, avec le rests du syst~ms.

1.2. Choix du systemc en easals

Le souci d'avoir un support d'6tude suffisaxmment ouvert et non limitatif, a orient6 le choix du
thi-me d'tude vera un syat~ime d'avion de transport civil long courrier. Lea fonctions trait~es sent

3 lo pilotage (jusqu'l l'atterrissage en cat~gorie III)
.4'a navigation en zone oc~anique et en zones terminales

l ea visualisations et cummandes associges aux fonctions pr~c~dentes ou liges A Ia
gest ions des radiocommunicat ion

Le choix du Centre d'Fasais en Vol (CEV) pour l'avion banc d'essai s'est port Sur une Caravelle
pour des raisons d- coOt et de facilit~s de miss en oeuvre. tUn chantier de 18 mois l's transformAs en
Avion Laboratoire dlInti-gration de Svsti-mes (AIAS).

2. PRESE.NTATION DlU SYSTEME. EXPERIMENTAL.

* Conduite par lea Services Off iciels (STTE et CEV) l'opgration ALIS utilise des 6quipeinents esistant
ou d~rives d'Oquipements exiatants, produits par lea principaux 6quipementiers fran~ais, coordonn~s par

* I'AEROSPATIALE A qui a Ct confi~e la responsabilit de mattre d'oeuvre pour l'avionage du systeme.

2.1. Architecture du systime

L'arhitecture retenue realiqe un comprawnia entre - d'une part une structure classique par liaison
* num~rique mltiplex"e (edata bus) bien adapt('e A le change d'informations entre 6queennc, - d'autre part

une structure respectant le principe de "s grigation" entre 9quipements dont lea pannes mettent en )eu Ia
s~cturit6 de I av, n.
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Le synoptique du systime est repr~sent6 sur Is figure n* 1.

La liaison numfirique s6rie appel~e SIGMA dont la logique de fonctionnement est du type NORIIE MIL
1153, est compos~e de 2 bus redondants. (Voir annexe 2).

Chaque bus eat g~ri par un calculateur qui, assurant aussi les calculs de navigation et de guidage,
est appel6 Calculateur de Navigation et de Guidage (CNG). Les deux CNG qui font office de calculateurs
principaux se surveillant mutuellement et chacun peut girer lea deux bus en cas de d~faillance de l'autre.

Les bus sont alimentgs en donn~es primaires issues des aenseurs, par des concentrateurs de donnies
(CD) portes d'entrge du systime. Ces concentrateurs effectuent lea conversions et lea mises au format ngces-
saires pour mettre les informations au standard SIGMA, at assurent le dialogue avec les CNG. Ils fournis-
sent 6galement lea informations 3 1'enqemble des commandes automatiques de vol (CADV).

Le principe de s~gr~gation eat appliqu6 aux ensembles de commandes automatiques de vol (CADV) et
de visualisation de pilotage, qui participent A l'atterrissage tout temps:

- Les CADV qui comprennent principalement un calculateur Pilote Automatique (PA) monitor6
et un calculateur automanette (AM) 6galement monitor6, rejoivent lea donn~es par une liaison num~rique
(ARINC 429) en provenance des CD, sans passer par Ia liaison SIGMA. (Toutefois pour des phases de vol non
critiques (navigation) des donn~es 6labor~es par lea CNG arrivent aux CADV via le. liaison SIGMA et lea CD) .

- L'ensemble de visualisation comprenant deux bo~tiers g~n~rateurs de symboles (BGS) qui
alimentent lea deux collimateura de pilotage tate haute (HUID en anglais) et lea 6crans tate basse (HDD en
anglais), reqoit lea donn~es n~cesaairea l'61aboration des images par Ia liaison SIGMA.

2.2. Composition du syst~me

L'architecture du syst~me telle qu'elle vient d' tre d~crite permet d'avoir un ensemble op~ration-
nel apr~s panne pour lea phases d'atterrissage (CADV passiv6 apr~s pr. mi~re panne + visualisation passiv~e
apr~s premi~re panne et ind~pendance entre CADV et visualisation).

Pour obtenir un systime effectivement opgrationnel aprla panne il faudrait toutefois tripler lea
616ments coimnuns, et en particulier lea concentrateurs de donn~es et certains aenseurs.

Pour des raisons financilres, on a fait l'impasse sur le triplement da cas 6quipements, ce qui
n'alrgre en rien lea principes et lea r~sultats de l'op~ration, mais ca qui peut apportei certaines con-
traintes op~rationnellea aux essais en v~ritables conditions IMC.

En outre on verra plus loin que certains traitements de l'information peuvent 4viter le triplement
des senseura.

Lea CD sont donc limitgs A deux, Ia provision axistant nianmoins pour le troisiime, et en r gle
g~n~rale lea senseurs sont doubles

2 centrales A inertie (INS)
2 radio altimgtirea
I centrale an~mom~trique (ADC) + provision pur une deuxi~me
2 ILS
2 VOR
2 DME
2 sondes d'incidence.

Lea organes de dialogue entre les op~rateurs et le syst~me se composent

en ca de anne - d'un boltier de reconfiguration syst~me permettant de s~lectionner un CNG ou un BOS

- des mat~riels sp~cifiques classiques pour lea CADV :poste d'engagement, panneau de
commande des modes supgrieurs et indicateurs de modes et de situation d'atterrisaage

- d'une botte de commande de radio navigation (BCRN) qui permet soit la commande et
l'affichage manuel des fr~quences, soit le passage en mode de geation automatique par lea calculateurs

CNG u syt~me - pour Ia visualisation de pilotage et la navigation syst~me (ex~cut6e par les CNG)
d'une botte de commande et de visualisation d~riv~e des CDU (control data unit) de systi~mes de navigation
automatis6s ARTNC 42A4 MK 1.3 comprenant un tube cathodique et un clavier num~rique associ6.

Dans une deuxi~me phase vera fin 1981 sera implant6 un organe de dialogue centralis6 appel6 Poste
de Cormmande Multiplex6 (PCM) compos6 d'un rube cathodique et d'un clavier de touches A fonctions multiple-
xees, permettant la commande CADV et des fr~quences radio en plus des commandes de navigation et de visua-
lisation. Ce PCM sera associ6, pour la conduite de l'avion, aux organes d~jA existants implant~s sur le
manche I balai

- palette de d~connexion reconnexion rapide du PA pour pilotage transparent (type CWS)

- commandes incr~mentales des modes de base du PA (assiette et route dans un premier

temps. pente et route dana un deuxi~me temps) utilisant la commande de trim (sapin" de trim ) par impul-
sions courtes calibr~es ou par rampes calibr6es (impulsion prolong~e).
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2.3. Installation d'easai

2.3.1. Groupe auxiliaire de puissancE (auxilliary power unit APU.)

La Caravelle ALIS a it iquip~e d'un APU. de 40 kw asaurant la ventilation au sal des iquipe-
ment, et I a g~n~ration glectrique de tout le systi~me en essais(dans tout le domaine de vol) ind~pen-
deimment de jas g~n~ration normale de l'avian "de base".

2.3.2. Poste de pilotage (voir figure 2)

Le poste de pilotage de la Caravelle a 6t assez profondgment modifii. Les nouveaux organes
de cossnande et de visualisation ont 6t chaque fois que possible, soit doubles, soit mis A disposition
des deux places pilote (2 HOD, 2 HOD + provision pour un troisi~me, 2 BCRN, un bandeau PA au milieu).
On seul COO syst~me eat imaplantE en place gauche, mais dana Is deuxiame phase il eat privu deux P01
en paste de pilotage.

Cependant is place gauche a kt6 plus sp~cialement concque pour l'essai du syst~me, et is
place droite-pour la pilote "de s~curit&". En particulier on trouve en place gauche des instruments
de pilotage 6lectrom~caniques A entrge num~rique (ADI, an~momachm~tre, altirnitre) tandis qu'en place
droite ant 6t canserv~s lea instruments d'origine de lVavion de base, ind~pendants du systz-me en
essai's.

2.3.3. Cabine

Les 6quipements campasant le syst~me sant logos dana des armoires adapt~es, o6il s sont
finalement accessibles pour toute intervention.

On trouve en outre en cabine

-un paste ing~nieur d'essai reproduiaant partiellenent le paste pilate, avec lea princi-
paux instruments de pilotage, le deuxigme COO, un HODD, et un moniteur de t~l~vision retransmettant tout
ce que voit le pilate A travers son HUD.

Les cammandes de la g~n~ration 6lectrique d essai sant aussi regroupges au paste ing~nieur
d' essai.

- un paste "mise en aeuvre" A partir duquel des v~rificatians de fanctionnenent des
divers 6quipements compasant le syst~me sont possibles

-un paste "installation de meaure" qui regraupe lea coramandes et lea visualisations de
l'installation de mesure et de dialogue avec le calculateur de mesure, un enregistreur graphique et
lea visualisations num~riques.

2.3.4. Installation de mesure

On syst~me d'acquisition num~rique d~centralis6 de type B.O.A. permet l'acquisition des
informations circulant sur les diverses liaisons num~riques du syst~me (bus SIGMA et liaisons ARINC)
ainsi que lea param~tres nuza~riques ou analogiques entrant dans lea concentrateurs de donn~es. En
outre sont acquis les principaux param~tres avian.

Les dann~es sont enregistr~es

- soit sur enregistreur graphique pour visualisation immediate
- sait sur enregiatreur num~rique A cassette pour pr~exploitation rapide
- sait sur enregiatreur num~rique classique pour exploitation campl~te en temps

diff~r6.

One station de mise au paint des lagiciels du calculateur de mesure (identique aux CNG) qui
peut rester A demeure sur l'avion mais eat utilis~e exclusivement au sol, permet de plus la pr~exploi-
tatian de l'enregistreur 5 cassette.

En autre 3 magn~toscopes enregistrent

- ce que vait le pilate dana le HOD (symbolagie + vision ext~rieure)
- Ia visualisation 1100
- lea gestes du pilate.

11 est 6galement pr~vu d'enregistrer dans certaines phases, gr~ce A un syst~me dit oculo-

mi-tre, loendroit pr~cis o6t se porte le regard du pilate.

3. ESSAIS EN VOL

3.1. Mi 7e au point de is plateforme d'essai

- Avant d'jvaluer I'apport du. svst~.me int6gr6 en tant que tel, ii taut vgrifier que son fonction-
nement est hien conforne A ce que V'on en attend.

C'eat cette phase de mise au paint et de v~rification qui eat actuellement en cours, et qui
inclut i'instailation d'essai.

.~A&
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L~e fonctionnement individuel des composants do syste.me est v~rifik, puis on examine ]a dia-
logue entre lea quipements, qui constitue en fait le fonctionnement du syst~me.

Ces essais devant couvrir tout le domaine de vol iont assez longs A r~aliser. Commences en
juillet 80 par ia mise au point de I!APU uls devraient s'achever en mai 81 apr~s la mise au point do
pilote automatique et son int~gration A l'ensemble, qui constitue Is t~che Ia plus longue de cerce pre-
miere phase.

3.2. Augmentation des capacit~s op~rationnelles

Le couplage des informations de navi';ation des deux centrales A inertie, avec celies des couples
de balises DME - DME 00 VOR/OME, fournit une navigation prC-cise (fraction de nautique), surtout en zones
terminales, o6~ les balises sont plus nombreoses. Le syst~me, qui choisit le couple de balises le mieux
plac6 par rapport A l'avion poor recaler Ia navigation inertielie, placera l'avion dans de bonnes condi-
tions poor entreprendre des approches IFR sor terrains faiblement 6qoip~s.

L'association d'one visoalisation de pilotage tate lidote et de coninandes incr~mentales des va-
leurs de consignes des mdes de tenue de pente et de route do pilote automatique, doit pennettre avec
l'aide suppl~mentaire de l'automanette le suivi d'une trajectoire d'approche d~finie en pente et en route
ind~pendansnent de toute information au sol. La hauteur jusqu'A ilcouelle cette trajectoire poorra Ftre
poursuivie avant d'acqu~rir lea rep~res au sol per-mettant la poursoico a vue de l'approche et l'atterris-
sage sera d6finie au coors des essais.

Pour on terrain sans itistallations u.S l'objectif est 3i priori la hauteur de 200 pieds (approche
IFR cat~gorie 1).

Bien 6videnmment des essais seront egaiemeic effectu,5s sur des cerrains 6quip~s dILS de catego-
rie 1, 2 et 3, o6i les informations ILS poorront Ctre utilisi~os par le systL-me, en couplage avec ses
donn~es propres, assorant ainsi, en particulier pour les ILS los momns performants, on filtrage des informa-
tions.

iLe svsti~me sera alors utilis6 avec les modes supirieurs do PA. la visualisation tkto haute ser-
vant a surveilier celoi-ci pendant toute la phase d'approche et

- soit A assurer la transition et l'es9cutioi de la finale en pilotage manuel 3 vue
(approches catigoric 2)

- soic a aider 3i la dicision de poursoite o de remise de gaz au passage de la
hauteur de di~cision poor les approches en cat6gorie 3.

lDans coos 
1
cs cas pr~cidents, difffrencs coupiages. figurations, et lois do pilotageseront compa-

r~s pour optimiser le syst~me et ahootir aos miniimums op~rationnos les plus bas.

11 fauc noter que dana le cas present de la (aravell'- AIlS il no s'agic pas de refaire des ess~is
do PA o de HUI) qui ont di~jA 6t mcn~s sur dVautres avions du CEV, mais de faire lea essais doun syst~me
complet, cha,;ue dispositif d'aide au pilotage neo troovant sa plvine of ficacit6 qo'au sein do sysci'me
global.

3.3. optimisa-ion do dialogue pilote / syst~me

Un des objectifs importaits do svst~me est de liihrer le pilote de certainos caches "tactiques"
1i6es aux qualiti~s de vol de l'avion cellos que le suiv; d'unv traijoctoirv, pour loi permoctre de se
consacrer aux ddcisions 'atratigiques" telles quo le choix de Ia trajectoiro oo Ia decision do poorsoite
de la phase d'atterrissage. (D'o l'iml..rtance des commandos do type incr~mental permectant la modifi-
cation rapide d'une valeor de pence o de route, le PA se chargoant do maintenir la valour choisic 00

d'effectuer la modification demand~e).

Mais pour atteindro co but, il ost n~cessaire de disposer drganes de cormiande et de visua-
lisation qui sojent facilement utilisables ct qui n'apportont pas do charges nouvelles A I'6quipage. I1
semble part ico ii~rcment important quo l'affichageL d'un param~tre se fasse do faqon unique, m~me s'il
intorvient dans plusiours Oqoipoments diff6rents :~ ainsi la3ffiChi1ge dlune route command6e par le PCM o
par la cormande incrdmentaie sur le mincho, doit r6agir sur le PA, et sur la figuration HUD et 1-1)D aussi
bien quo sur l'6cran cathodique do PUM.

4 Les essai s do CDU typo A'C I4K I dans la phase transi mi re, , pi do, post do commande multi -
plex (PC1) onso ice, spront or cent is vers 1* Ovaluat ion do ces charges.

On examinera en partizculior l'influence de l'int6gration do conmmandes do IA dans Ie PCYM sur Ia
rapiditi d'action do pilote. Do rn~me 1a commando des fr~quences do radiocoimmunication et de radionavigation
A parcir du PCN sera comparie i la commando 3 parcir des boltiers actuels.

3.4. (tptimisation des redondancos

L~a si~curit6 des a~ronefs impose Ic plus soovont on doobloment ct me on tripleiaent de Cortains
senseurs o do certains 6quipements.

L~a capacit6 doUn syscime int~gr6 'i faire circuler des informations et 3i les traitor pout supprimer
certaines redondances, soit en surveillant los 6volutions do paramttres d'nt on connait 5 priori los limi-
tations en hando passante, soit en recoupanc lvos valeurs do paramitrvs do nature diff~rente. mais non ind6-
pendant entre eux (1 i~s g~n~ral ement par les lois do I 'a6rodvniami queotc do la mianiquv doi vi pour los para-
mitres fondamentaux).

V,. 7.'A 
..
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Ainsi les calculateurs principsux dui syst~me (CNG) effectuent des calcula de surveillance sur
l'6volution des assiettes et des acc~l~rations de l'avion, et des calculs de vraisemblance entre V'inci-
dence, la vitesse agrodynamique, Is vitesse verticale et l'assiette longitudinale.

Ces traitements permettent lorsque des valeurs entre deux senseurs d~passent un certain seuji,
de dgterminer lequel eat faux, sans recourir 5 la valeur d'un troisi~me senseur.

Les essais en vol devront d~terminer lea seujls praticables et v~rifier les capacit~s de d~tec-
cion d'erreurs.

Si lea r~sultats sont positifs, des 6tudes d'extension, des v~rifications par calculs de vrai-
semblance pourront Ztre poursuivies.

3.5. Mgthodes d'6valuation

Comma ii a d~jA ft6 dit une caract~ristique importante de l'expgrimentation eat de s'attacher
aux r~sultats globaux et non aux performances de tel ou tel quipement. Parmi lea grandeurs inesurablas
repr~aantatives de cat aspect global, on s'interessara en premier lieu A Is trajactoira de 1 'avion et a
sea 6carts par rapport A is trajectoire optimale (roulage inclus), Sinai qu'A la mani~re dont il parcourt
aa trajactoire (incidence, vitesses. facteur de charge).

On mesurara aussi lea tampa de d6cision dana lea diff~rantes phases de vol, ddfinir par lea
d~lais entre l'instant th~orique oii la ddcision peut tre prisa, (arriv~e des informations n~cessaires
aur lea interfaces avec le pilote) et le d~but d'ex~cution par le pilote des actions cuns~cutivas A Ia
d~cision (action sur lea commandes de l'avion ou sur lea poates de commande dui syst~me, annonces verbales).

D'autres r~sultats seront d'ordre qualitatifa, coimme la nature des d~cisions prises, le taux
d'arreur de manipulation, lesadvis des pilotes sur 'a disponibilit6 de d~cision, Is "mise dana la boucle
de pilotage" en la faciling d'exgcution des actions.

D'autre part, l'enragiatrement des gestes dui pilote at du balsyage do regard donneront des indi-
cations sur Ia nature et le volume de la charge de travail.

Si des premiers rgaulnats quantitatifs, ii eat ais6 da nirar des mesures de performances, il sera
plus difficile d'9valuar, A partir de l'ensemble des r~sultats, des ndications sun lea gains de s~curitg
des vols.

En effet si la probabilin4 da panne d'un composant dui systlme ou de l'svion peut tra 6valu~e,
sinai que sea consiquencas notanmmant dans lea phases de pilotage automanique, il eat toujours difficile
d'6valuer la capacit6 dui pilota A faire face A un 6vineament impr~vu, et la r~alisation au simulateur et A
plus forte raison en vol, de tellas situations eat d~licate et ne paut tre repdtitive bi l'on veut garder
le caract~re impr~vu da l'gvgnemant.

Una r~fiexion sun Ia nature des informations accassibles au pilote at aur Ia nature de as charge
de travail doit done ftre mange parall~lemant aux r~sultats que V'on peut obtanir.

4. CONCLUSIONS

Apr~s la mise au point en vol de l'outil qua rapr~san'e la Caravalla ALIS, at dont l'achZ-vement de-
vrait avoir lieu dana le dauxiime trimastre 81, une premi~re trancha d'6valuation s'6tendra jusqu'A la fin 81.

A l'issue da cette tranche daessais, in chantier intarviendra pour effactuer la misa en place d'gqui-
pemanta non encore disponiblas aujourd'hui et en particulier le posta de commandc multiplexg et des 6quipements
radiocoammunication commandablas par le PCM.

D'autras modifications pourront intarvenir en fonction des premiers r~sultats obtanus ou des nouval-
lea 6tudvs en cours.

S EFn effat la conception et larchitactura dui syst~ma parmattant d'anvisager l'int~gration de fonc-
4 tions nouvelles. Partri celles-ci on paut d~jA citar

L - l'approcha MLS en pilotage manuel (pour laquelle la figuration d'intarception
d'axe de type VEGA d~jA programm~e paut 8tre aasayga)

- le vol en croisigre 6conamique (Flight Management)
- l'6tuda de lois de montga optimales adaptablas aux avions d'armes (vols A point

de polaira constant).

k Tous cas d&veloppements seront merigs avec le souci d'adjonction dui plus petit volume d'6quipamants
supplC-mantairas et d'utilisation maximale des param~tres existants et des calculs d6jA effectugs.

Des modifications d'architactura pourront 6galament intervanir si cartains probl~mas de redondanca
sont r4§solus (couplage des CADV sur le bus SIG"A).

La capacit6 dui syst~ma A absorber sans trop de difficulr~ tea e probies nouveaux sera P'un des
meillaurs tests de la souplasse at de 1'intgr~t da Is conception dui syst~me.
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REFERENCES DES PRINCIPAIX EQUIPEMENTS CONSTITUTIFS DUI SYSTEME

d N G - Calculateur de navigation et de guidage - Constructeur SFENA

Rgf. LImp 7.800

B G S - Battier ggn~rateur de symbole - Constructeur TH / CSF

R~f. BGS/ALZIS

H U D - Collimateur tate haute (Head Ulp Display) - Constructeur TH / CSF

R~f. TC 125 monochrome

H DI D - Visual isation tate basse (Head LPown Display) - Constructeur TH /CSF

M. VMC 210 B trichrome

C A D V - Commandes automatiques de vol - Constructeur SFENA

(PA et ~ R~f. A 40 A avec calculateur PA/Directeur de vol B185AAM

et calculateur Automanette B186AMM

C D - Concentrateur de donnges - Constructeur SFIM

Me. UTGIOI+VAM 25/2

I N S - Centrale A inertie (Inertiel Navigation Systlme) - Constructeur SAGEM

Rdf. 111155 46

A DI C - Centrals a~rodynamique (Air Data Computer) -Constructeur CROLIZET

M. 70 G

D M E - Interrogation LIME - Constructeur LMT

R~f. 3574 D

V 0 R - R~ception VOR - Constructeur EAS

R~f. DVR 740

I L S - R~ception ILS - Constructeur BENDIX

R~f. RIA 33 A

R A - Radio-altimgtre -Constructeur TRT

R~f. AHV 5
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RAPPEL DU PRINCIPE DU BUS SIGMA

Le Bus SIGMA est conforme aux recormmandations du Comitk Technique Int~gration (26me C-dition Mars
1975). Les principales caract~ristiques sont lea suivantes

*Transmission s~rie
*Structure A derivation sur ligne bidirectionnelle
*Capacitg 32.abonn(!s ou unit~s
*Rythme de I M Bits par seconde (A + 1%) - Code Manchester
biphase (trois niveaux + 3 volts, 0 volt, - 3 volts A + 0,3 Vpris)

*Support paire torsadge blindge de longueur 100 m au maximum
*Message compos6 d'octets assembles en nombre variable
*Protection des 6changes par parit~s crois~es
*Protection contre les courts-circuits et isolement par transformateur des
derivations

*Proc~dures B l'initiative de l'une des Unit~s (Unit6 de Gestion) en mode
commandes-r~ponse
*Niveau de redondance acceptable.

1. DEFINITIONS

1.1. Unitg Pgriph~rique ou de Gestion (UP ou UG)

Nom donn6 B toute unitg branchge aur Is ligne Bus. L'unitg de gestion qui assure la gestion
travaille en mode Maitre, lea unit~s p~riph~riques en mode Esclave.

La gestion peut tre centralis~e :la gestion se fait par une seule unitA ou groupe d'unit~s si
Ia redondance eat n~cessaire.

La gestion peut tre d~centralisge Isl gestion eat assurge B tour de rate par diff~rentes
unit~s qui sont A tour de r~le MaTtre ou Esclave.

1.2. Coupleurs

Nom donn6 B des ensembles fonctionnels faisant partie des unitis d~crites pr~c~deimment.

1.2.1. Coupleur de bus - C.D.B.

Le C.D.B. assure toutes lea fonctions Iiges A Ia transmission par ligne Bus.

11 peut ZFtre tour tour Maitre (coupleur de I'U.C.) ou Esciave (coupleur de l'U.P.).

1.2.2. Coupleur sous-syst~me C.S.S.

Le C.S.S. assure l'adaptation entre un ou plusieurs sous-syst~mes standards et le C.D.B.

Le C.S.S. peut Ptre limit6 B quelques modules ou ne pas exister si la compatibilitg entre
le C.D.B. et le sous-syst~me qu'il connecte au Bus eat assur~e.

1.3. Bo~tiers de D~rjvation

Dispositif de connexion dui C.D.B. stir Ia ligne Bus.

11 existe deux types

B.D. - utilisis pour la connexion de toutes lea unites sur la ligne sauf lea unitis terminates.
.B.D.A. - utilisgs pour lea connexions des unit~s terminates, ils comportent le dispositif

d'adaptation.

Ces bo~tiers sont prot~g~s contre lea courts-circuits, en cas de court-circuit sur une d~riva-

tion le niveau dui signal sur Ia ligne ne doit pas chuter de plus de 107. Un isolement galvanique tant B
1 , mission qu'A la r~ception doit ktre pr6vu.

2. CARACTFRISTIQUES DES ECHANGES

2.1. DWfinitions

*Caract~re :E16ment constitu6 d'un nombre fixe indissociahles B Is transmission.

Mesg Ensemble de caract~res transitant sur le Bus en un seul bloc et dans un seul sens.

Fchange Ensemble de messages transitant sur le Bus A partir d'une seule initiative de l'unit6
g.~rant le Bus.



382.2. Principe des changes

2.2.1. Initiative des 6changes

Dans une, phase d~termin~e, lea 6&hanges s'effectuent sous le contrale d'un maltre unique
(U.G.) en mode Commande/R~ponse. Cela veut dire qu'une U.P. n'a le droit d'6nettre que si elle a6t
interrogge par l'U.G.

2.2.2. Origine et destination

Les transferts d'information se font de trois faqons

I- U.c. A U.P.
2/ - U.P. A U.C.
3/ - U.P. A 1).?.

2.2.3. Type d'adressage

Deux types sont pr~vus

*Adressage individuel une seule tJ.P. est destinataire
*Adressage g~ngral tous les U.P. sont destinataires.

2.2.4. Synchronisation

I/ Horloge de base La ligne Bus fonctionne de mani~re asychrone en mode "Half duplex"
Cet asychronisme implique une horloge dans chaque unit6.

2/ Temps de rgponse d'une U.P.: Le temps s'6coulant a ls suite d'une coimmande de l'U.C.
entre le dernier bit du message requ et le dgbut du message de r~ponse doit atre infirieur A 2OyVs.

3/ Synchronisation de mesae Elle est assur~e par un code invalide correspondant au co-
dage d'un bit I en code Manchestersbiphase durant 3 temps de bits.

2.2.5. Format

I/ Forrat de caractgres :Chaque caractare eat consittug d'un octet d'information suivi
d'un bit de paritte transversale tel que le nombre de I dana lensemble des 9 bits soit impair.

2/ Format des messages :Chaque message comprend

- un code de synchronisation SY
- un caract~re de proc~dure PROC
- un nombre variable de caract~res d'informations banalisis (compris entre 0 et n) :INF
- un caractgre de paritg Longitudinale :PL
- chaque message eat suivi d'un blanc d'une durge au moins 6gale 5 4 micro-secondes.
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ONBOARD AND GROUND TEST

OF AN

AUTONOMOUS NAVIGATION SYSTEM
BASED ON TERRAIN CORRELATION

by

Dipl.-Ing. Horst Dieter Lerche

Vereinigte Flugtechnische Werke GmbH

2800 Bremen 1

HtnefeldstraBe 1-5

Germany

SUMMARY

The tremendous progress in microprocessor technology and digital data processing has
caused a trend towards high sophisticated avionic systems with decentralized system
architecture. A report will be given on the experience gained in developing and
testing of a navigation system based upon terrain correlation. A dedicated ground
based data management system and special test methods have been developed to perform
flight tests. Furthermore typical flight experiments will be discussed.

Contents

1. Introduction

2. TERPAC-System

3. Avionic-System-Architecture

4. Ground based data management system

5. TERPAC flight tests methods

6. Flight test experiments

7. Conclusions

1. Introduction

The trend from centralized avionic-processing-system towards so called highly sophisti-
cated systems with distributed microprocessor based architecture in future navigation

and flight-control systems has resulted from the tremendous progress made in micropro-
sessor-technology and in development of new mass memory devices. In this context one
could remember the availability of high speed single-chip-microprocessors and highly

N 4 integrated bubble-memory-circuits for application in digital avionic systems.

Classical real-time solutions to problems involving complex mathematical realation-
Aships can be performed by parallel computation and parallel processing in a micropro-

cessor system with decentralized architecture. The discussed TERPAC-avionic-system
tested in an experimental-program is an example of this system architecture.

The inter-communication between the autonomous microprocessor systems is guaranteed
by a high-speed multiplex-data-bus.

o ' A great amount of digital data are stored aboard in a non volatile magnetic-bubble-
4mass memory, which retains the information through many power cycles.

Further advantages of distributed microprocessor based architecture realized and
tested in the following TERPAC-avionic-system, are discussed in Chapter 3.

Since the seperate hardware and software modules are capaple of being tested indepen-
dently from one another, the simple test capability of this distributed architecture
is of great importance, particularly during the integration and experimental phase.
Dedicated test equipment which has also been developed in the experimental program is
required to perform the pre-flight and in-flight test procedures.
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2. TERPAC-system

Navigation and control of aircraft and missiles will be considerably improved by using
information of the over-flown terrain stored in the microprocessor based avionic
system. Such a terrestrially aided navigation and flight control system like TERPAC
(fig. 1) offers the following principle modes of execution:

- inertial mode

- TERCOM-position-fix-mode

- SZEKOR-position-fix-mode

- terrain-following /avoidance-continuous mode

In the inertial mode the kalman-filtered basic navigation-system is responsible for
holding of the course when position-fix-outputs are not available.

In the two position-fix-modes the navigation accuracy is improved by an automatic
comparison (correlation) of an actual signature of the terrain contour with a reference
signature. In the case of terrain-profile correlation (TERCOM) the actual position of
the vehicle is computed by matching the scanned terrain signals with digitized
terrain values, stored in the TERPAC-mass-memory. In the case of scene-correlation
(SZEKOR) the comparison is performed between an actual image of the terrain-contour
taken with on image-making sensor and a stored reference image. Wether the position-
fix-system is running in a single-fix- or in a quasi continuous mode depends on the
significance of the over flown terrain.

On the other hand the terrain-following-system will be provided with the stored terrain-
data in the fourth mode in order to optimize the reference flight path against the
actual flight path by means of software. The "critical" point on the terrain ahead of the
vehicle predicted by the TERPAC-system and the optimal flight path are computed.

The optimal flight-path is as close to all stored terrain-grid-points as practical
for controlling the minimum clearance above the terrain. The TERPAC-based terrain-
following-system will also be used as back-up-system for a radar-aided terrain -
following-system.

The block-diagram in figure 2 shows the principle data flow and the control functions
of the TERPAC-system.

The terrain-map mass-memory and the digitized terrain-data stored in it serve as the
basic data-source both for the position-fixing-system and for the terrain-following/
avoidance-system. In addition, the digitized terrain-data may be pre-processed for
projection on a digital-map-display instead of an analogous device or for obstacle
warning to the pilot.

The TERPAC-processor as a central processing unit computes in a recursive manner the
actual position by correlation-algorithms and in a predicting manner the reference
flight-path by optimizing algorithms.

The differential output signals generated in the tracker software module by comparison
of the predicted reference flight path with the actual flight path are fed to the
flight control system.

Switching over from one mode of action and the inherent sensor subsystem to another
will be controlled prior to data pre-procesing.

The second TERPAC- mode (TERCOM-position-fix) is discussed in more detail below,
to report about experience gained in an experimental-program to test a combined
navigation-system consisting of:

- inertial measurement unit

- radar altimeter subsystem

- data pre-processing modul

- TERPAC-processor

- terrain-mass-memory

- kalman-filter

Fig. 3 shows the typical measurement behaviour of an inertial navigation system without
and with TERPAC-fixes. The position error increases proportionally to the time flown
after launch. The overall navigation accuracy is considerably improved by feedback
of TERPAC-fixes over a kalman filter to the outputs of the inertial measurement unit.
The resulting position accuracy is in the order of JTIDS-performance para-
meters.

im mi , h U n -u | i | | | :' . _; _- '"- '- [ ._T
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Furthermore the error behaviour of a TERPAC aided inertial navigation system is inde-
pendent of the travelling time and thus of the range in the operational case.

The values of clearance altitude and the altitude above datum-plane are continuously
measured by the radar altimeter and the baro aided vertical channel of the intertial
measurement unit (fig. 4), and are simultaneously stored in a pre-processing stage.
After pre-processing (noise-filtering, data reduction, time synchronisation) the measured
terrain profile is generated as differential signal and fed to the TERPAC-correlator
stage.

This processing method guarantees that the motion of the vehicle in the vertical
plane is eliminated, ensuring that additional terrain elevations cannot be simulated.
These additional terrain-elevations could reduce the resulting position-fix accuracy
of the TERPAC-aided inertial navigation system.

On principle the TERPAC-system can be applied to manned or unmanned vehicles, but the
requirements differ greatly. In contrast to a preplanned wission with preplanned
flight path in missile-guidance, the TERPAC-system must guarantee maximum flexibility
and will be subordinated to the basic navigation system in manned aircraft.

The following reqirements are typical for application in manned aircraft:

- variable track angles

- no limitted flight-envelopes

- course correction during TERPAC-updates

Fig. 5 shows the principal data-flow of the combined navigation system. The overflown
terrain contour is calculated from the differential output signal of baro sensor and
the platform vertical channel and from the radar altimeter outputs. The actual position
of the vehicle corresponds to the correlation maximum, computed in the TERCOM unit.
Not only the accuracy of the position outputs is improved updating by means of kalman
filtering, but also of velocity and attitude angle components.

3. Avionic system architecture

The TERPAC- navigation-system (fig. 6) consists of the following autonomous sub-systems:

- altitude measurement unit

- terrain correlation system (mass-memory, correlator)

- baro-sensor

- inertial measurement unit

- kalman filter

Further parts of this communication system are the telemetry and the test terminal.

The test terminal gives a flexible data management capability, which provides the
system on board of the aircraft with terrain map data and test stimuli during the pre-
flight phase via a data line up to 30 metres. During the in-flight phase the error
status of the realtime system is supervised via the telemetry terminal.

The autonomous sub-systems are inter-connected via a multiplex data bus of I MHz rate.
The data duty cycle is considerably reduced, because only the directly usable outputs
are transmitted between the sub-systems. This data reduction is abtained by realtime
pre-processing of the independent software-tasks by microprocessors within the termi-
nals of each autonomous sub-system.

Owing to the high data rates during the correlation process on the one hand and the
urgency of time synchronization of altitude measurement on the other hand, subsystems
one and two are inter-connected via a high-speed correlator bus. The I/O-control bet-
ween the hierarchically structured multi-data-bus-system is performed by terminal A.

This distributed microprocessor based architecture proved successful in the early
development and integration phase of the experimental-program (fig. 7).

The development was efficient by breaking the total function of the TERPAC-avionic-
system down into autonomous subsystems with independent software modules processed in
parallel by standard microprocessors and by defining simple standarized I/O-inter-
faces. The constructed modularity allows hardware and software elements to be modi-
fied simply and quickly.

Uncritical software timing and asynchronous operation are further advantages of the
realized avionic architecture.
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The clear arrangement of the hardware and software structure permits a greater degree
of subsystem check-out and a simple system testing procedure in the integration and
testphase.

The subsystems have been separately tested like stand alone systems in the course of
stepwise integration into the total system.

It has thus been possible to isolate the problems of digital signal processing by
multiplex-data-bus from those of software computation of the sub-systems.

4. Ground based data management system

Prior to the test flight the ground based data management system (fig. 8) mainly pro-
vides the highly sophisticated TERPAC-system with pre-processed terrain-map data and
additional test data. Typical flight test data are:

- packed terrain elevation data

- map header data

- way point coordinates

- subsystem test data strips

In addition to these test data test stimuli are transmitted in order to initialize
bite-tasks in the application software of the TERPAC-system. The results of the test
computation are transmitted back to be valued by the system engineer on a display.
In this way it is possible to decide at an early test phase, whether the terrain map
data stored in the mass memory of the TERRPAC-system are valid or not.

By insering the way point coordinates into the data management computer, adequate
terrain map data are generated from a central terrain data base. The software tasks
are:

- selection of test area

- transformation into the navigation coordinate system

grid point interpolation

data packing and formatting

Before transferring data to the mass memory of the avionic system, identification bits
are added to the digital altitude word for error diagnostics.

The ground based data management system utilizes a stationary generai purpose computer
und a mass memory unit managing the terrain data base and the data pre-processing.

A portable ground test terminal is interconnected via a telephone data link. The test
data can either be directly transferred to the mass memory of the avionic system via a
flexible data line and aircraft interface or stored in the bubble memory of the ground
test terminal.

Other ground based components are graphic display, plotter and line printer.

The design of the data management systems provides for great flexibility during flight
tests starting from various aircraft positions.

5. Flight test methods

The highly sophisticated design of TERPAC-system requires dedicated test methods for
performance of the overall acceptance test. In the pre-flight test phase, the functions
of the autonomous subsystems such as inertial measurement unit, baro-sensor and radar
altimeter are statically testes with approved methods.

The alignment status and indicated present position of the inertial measurement unit,
the measured static pressure value above datum plane and the corresponding output
signal of the radar altimeter simulated by a delay circuit between the transmitting and
receiving antenna are of interest.

Testing of the software implemented in the decentralized microprocessor system, testing
of the data processing capa ility via multiplex data hus and a mass memory validity
check out are the key to TERPAC-testing. Two methods have mainly been applied: the self

diagnostic method and the stored response method.

The self diagnostic method includes outomatic testing of ram and data frame by bit-
pattern and in fligft worst case computation. Fer instance, the required correlation
time is continuously compared with a limitation value, e.g. in the case of altimeter
measurement the travelling time of the transmitted electromagnetic signal. It an error
occurs, an error bit is set in the status word. After each data transmission from and
to the mass memory via the multiplex data bus a checksum test is automatically initia-
lized.

~~~~~. .-, ,- - ...
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The purpose of the stored response method is to test the application software by means
of simulation. A typical set of subsystem date outputs is derived from simulated flight
envelopes and stored in the non-volatile memory of the subsystem terminals. The results
of the application software computation are compared with those similarly derived from
the simulation.

A simulated platform and profile generator, and simulated measurements implemented in
the TERPAC-software are very helpful in checking out the kalman-filter-equations.

Fig. 9 shows the results of a simulated straight and level flight over eight update
areas. The position error of the unaided inertial navigation system of low accuracy
rapidly increases as a function of time. With kalman filtered TERPAC updates of diffe-
ring statistical uncertainty the error behaviour of the combined navigation system is
reduced dramatically. It is obvious that the resulting navigation accuracy will be
independent of time. Updates'with greater uncertainty are pointed out in the figure.

6. Flight test experiments

Extensive optical tracking test series have been conducted in order to test the beha-
viour of the sensor system measuring the radar altitude and the altitude a ove datum
plane (fig. 10). A knowledge of these characteristics is important for valuation of
TERPAC-accuracy.

The aircraft is flown along a predetermined datum line and tracked by two cine-
theodolites which record elevation and azimuth anqles simultaneously.

By using the presurveyed distances from the datum line the X, Y, Z - coordinates of
the aircraft and the velocity components can be calculated off line.

If the aircraft is out of the tracking range of the cine theodolites, the flight
envelope coordinates of the aircraft are calculated from the measurement outputs
of a radar tracking device (refer to fig 11). The flight test data and radar
signals are simultaneously transmitted via seperate data links and stored on a mag-
netic tape in the ground station for post flight analysis.

Most TERPAC-avionic-components are installed in a modified pod of the experimental
aircraft.

The aim of the experimental program is to test the online processing of the TERPAC
system and the influence of terrain contours on the accuracy of TERPAC updates.

7. Conclusions

The requirements concerning the high navigation accuracy in missile guidance and
low level flight with manned aircraft can be fulfilled by the discussed TERPAC-
avionic-system. A dedicated ground based data management system has been developed to
perform test flights and to check out the realtime hardware and software system. The
effects of the real terrain and of the dynamic flight behaviour of the aircraft will
be tested in a current experimental program.

9'r
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MISE AU POINT DlU SYSTEME DE NAVIGATION ET D'ATTAQUE DE L'AVION ALPHA-JET

par

J!)RGEN LANG
Irig~nieur Navigant d'Essais
DORNIER GmbH
8031 Oberpfaffenhofen
ALLEMAGNE

RESUME

on proc~de A une description du syst~me de navigation et d'attaque, de son but et de ses
principes de fonctionnement. L'installation dlessais specifique eat evoqu~e, qui assure
la "souplesse" souhaitable pour les essais en vol.
Les taches principales de la mise au point ainsi que les diff !rentes m~thodes de travail
au sol et en vol seront d~crites. Pour conclure une comparaison sera faite entre lea
valeurs pr6-calcul~es de pr~cision de tir et de navigation d'une part et les valeurs
obtenues en vol, d'autre pairt.

1. DESCRIPTION DlU SYSTEME

1.1 But du syst~me

La version allemande de l'avion Alpha-Jet eat conque pour des miss-ons d'appui
tactique 1L-ger, et de ce fait elle diff~re de la version frangaise, dite "Ecole",
essentiellement par son syst~me de navigation et d'attaque. Ce syst~me eat destin6 A
attaquer des objectifs au sol dans des conditions oi le pilote voit l'objectif.
En outre, 1lavion allemand dispose du mode d'attaque AIR/AIR avec le canon. Le SNA doit
assurer la conduite de tir simple et pr~cise ainsi que la navigation autonome.

1.2 Principe de fonctionnement de la conduite de tir

L ' .,I ment de base eat constituL- par le viseur conqu en tant gu'~quipement tate haute
AWD) aliment - par un calculateur d'armes et un g~n~rateur de symboles.
ri vnaqe not oire que pr~sente un HUD est le fait gue, durant toute la phase d'attaque
~r j r,-rnent i e, 11 permet au pi lote de fixer l'objectif, L-tant donn6 que toutes lea

*>,! r nai f i-essdlres -tant celles relatives au pilotage gue celles relatives i la
iiiisi , it-ii -onduite de tir- lui sont pr !senties dana son champ de vis~e, et cela

i -j istance A laquelle ii voit son objectif. Suite i ces conditions,
1 7 1*. . .syeux du pilote restera constante, ce qui eat un fait dc-cisif si l'on

ih, 'emps disponible entre l'acquisition de l'objectif et le d clenche-
* s- ,r~ce A tout cela, le pilote West plus oblig6 d'estimer ou de

iiir. ntes qrandeurs (telles que port~e des armes, vitesse, altitude
n A vent etc ... ). Le r~ticule de tir eat dirig6 sur l'objectif, et

* -..- r,.rnt I'arme est d~clench~e manuellement (queue de d~tente ou poussoir

lei~ I principe CCPI (Calcul continu du point d'impact): Le point
Iri it une surface horizontale eat calcul6 en permanence, puis

r.ine50 11z).

A-O cn'est pas une mesure directe de la distance oblique entre
1'iipact qui eat effectu~e -cette m~th',de 6tant normalement appliquL-e

-sompiexe s utilisant p.ex. le LASER ou le radar- mais le calcul

.. repar un radioaltim~tre qui ditermine ainsi la surface horizon-
4 ,-itit d'impact. C'est la centrale gyroscopique de cap et de verticale

yma' in d assiette longitudinale, ce qui permet, en utilisant 6gale-
'Si~tsdes conditions de vol (telles que vitesse, angle d'incidence

sai--irs m;,moris !es de la balliatique d'armea, de calculer la distance
I[1 ioiiquent la hausse du point d'impact.

] rcmvrv lea points critiques du syst~me en ce qui concerne la
J, it: pas de centrale inertielle, pas de dispositif de mesure directe de la
i~ j-- tijilleurs, les erreurs lea plus d !ciaives d~coulent de la centraleV t Iii radio;altim~tre.

i i-. ii .itvr a cela clue ce principe West apte A fonctionner que sur un terrain plat.
".1 ,st p r *etto raisoni que l'Aipha-JTet dispose, en dehors du mode RDR pur# de deux

* mit'-,s sipplirentaires appliquables aussi sur terrain accident6: c'est tout d'abord un mode
mix',- appepl; mode RDR/BAR, pour lequel il faut connaltre la d9?nivel1L-eH de l'objectif
par rapport A un l:nan proche, cette d~nivell~e !tant prise en m~moire dans le calculateur
Vairmes. Avant l'attaque, le pilote dolt survoler ce plan afin de recaler l'altitude:
L~a valeur de l'altitude radar eat m~rnoris~e et utilis~e ensemble avec AH et lea variations
d'altitude barom~triques qui suivent, pour calculer en permanence, pendant le tir,
I'altitude de vol par rapport A l'objectif et ainsi la hausse du r~ticule.

Le troisi~me mode, quant A lui, travaille sans radioaltim~tre: c'eat de ce fait un mode
purement barom~trique. Lea conditions pr~alables likes A ce mode sont la connaissance de
la preasion atmoaph~rique momentan~e (QNH) dana la zone d'attaque ainsi que de la hauteur
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g~ographique de l'objectif, cette derniare !tant m~moris~e dans le calculateur d'armes.

Les diff~rents modes opbrationnels possibles sont les suivants:

.Bombardement avec bombes lisses et frein~es

.Tir de roquettes - non guidies
.Tir canon - AIR/SOL et AIR/AIR
.Navigation

Pour chague type d'arme, il est possible de m~moriser 10 ballistigues, ce gui permet
d'utiliser p.ex. 10 types de bombe diff !rents.

Enf in, c'est le Doppler et le calculateur de navigation associ6 qui constituent des
composants fondainentaux du syst~me. Ces derniers ont tine double fonction: ils assurent
la navigation autonome ainsi que le soutien du syst~me de conduite de tir en mode AIR/SOL.
Les donnbes du vent en tant que vitesse et direction constituent une information importante
pour la condtiite de tir. A partir de la vitesse air vraie (TAS), d~livr~e par la partie
a~rodynainique du caictilatetir d'armes, ainsi que de la vitesse sol d~livr~e par le capteur
de vitesse Doppler, le calculateur de navigation d~termine le vecteur du vent.

1.3 Principe de la navigation

Dans ce contexte le HUD prbsente l'avantage suivant: ±1 6vite au pilote navigant i
basse altitude d'9tre oblig6 de discerner ses informations de pilotage dans l'obscurit6
de la cabine, car ces derni~res lui sont projet~es en superposition au paysage ext~rieur.
Le calculateur de navigation d~termine la distance parcourue par int~gration de la
composante horizontale de la vitesse sol Doppler. Or, la position pr&sente de 11avion
est obtenue en additionnant vectoriellement la distance parcourue A la position de d~part
de l'avion. La d~clinaison magn~tique est m~morisge comme polyn~me dans le calculateur.
Du fait que le calcul de la position pr~sente s'effectue toutes les 50 ins, on a la
garantie que les moindres changements de la d~clinaison magn~tique soient pris en
consid~ration. Le calculateur de navigation est 6galement en mesure de calculer la
position pr~sente A partir des donn ?es fournies par tine station TACAN, et de l'indiquer
au pilote. Ainsi, le pilote dispose de moyens de comparaison.

En somme, visualisations et cominandes du syst~me Doppler de lavion Alpha-Jet sont
pratiquement identiques a ceux d'un syst~me inertiel. Sur le poste de commande de
navigation (PCN) le pilote petit mbmoriser et s !lectionner 10 diff~rents buts de navigation
et 4 stations TACAN. Il petit aussi mettre le Doppler sur Standby.
Le PCN pourra fournir au pilote, sous forme numbriqie, les informations suivantes: soit
la force et la direction du vent, soit la vitesse sol et l'angle de d~rive, soit les
coordonn !es de position de l'avion ou bien d'un but de navigation, soit la distance et
le rel~vement d'un but de navigation, ces deux: derni6res informations 6tant galement
prbsentbes sur le BDHI.

En mode Navigation, le HUD pr~sente au pilote les informations suivantes: cap, relavement,
distance et temps de vol A la station concern~e, d~rive dtie au vent de travers, symbole
TO/FROM, vitesse aol ou vitesse air, horizon, pente et vitesse verticale.
En comparant la position pr sente Doppler A une position pr~sente TACAN, oti bien lora du
passage A la verticale de points de navigation pr~d~terminbs, le pilote est en mesure de
corriger le calcul de navigation. En outre, il eat possible de m~moriser en vol par simple
pression d'un bouton lea coordonn~es de 5 buts d'opportunitb aui maximum. La navigation
petit 5tre effectu;-e oti en coordonn~es g~ographique ou en coordonn~es tJTM; la commutation
est possible A tout moment (Photo 1).

2. INSTALLATION DESSAIS

L'enregistrement des valeurs mesur~es se fait comme d'habitude par t~l~mesure et stir
enregistreur magn~tique embarqu . 3 commutateurs PCM et 1 commutateur PAMI A 64 voies
chacun sont utilis~s.

Lea aspects particuliers de l'installation de mesure sont lies aux unit~s suivantes:

- Une centrale A inertie servant de r~f~rer'ce pour controler

*la centrale gyroscopique
.la sonde Doppler
.le bottier gyrom~trique.

- Le PMS, gui est le syst~me de m~morisation programmable du calculateur HUD. Il s'agit
li d'un mat !riei experimental optionnel permettant d'introduire, au sol ou en vol, A
l'aide d'un lecteur de cassettes, le programme destin& au calculateur d'armes et aui
g~n~rateur de symboles. La bande de la cassette peut tre enregistr~e et v~rifi~e en
quelques minutes sur le lieu des essais. Dana le cadre des easais en vol cet !quipe-
ment s'est av~r& tr~s efficace potir des changemenl..s rapides de la symbologie oti du
calcul d'armes.

La cam~ra de vis~e fait 6galement partie de l'installation d'essais, 6tant donnae qu'alle
permet de mesurer l'erreur de vis~e au moment du dL-clenchement de l'arme, d'une part, et
de figer la symbologie telle qu'elle se pr~sente au pilote dana sa stiite chronologique,
d'autre part.



3. ESSAIS A EFFECTUER

Quelles sont les taches qui so pr~esentent dans le cadre d'une telle exp~rimentation?
11 est possible de d~finir des tAches partie].les qui en fait ne sont pas assur~es
successivement mais parall~lement.

-Il s'agit de dL-terminer les conditions d'environnement des quipements install~s tant
dans le poste pilote que dans les diff~rents compartiments fuselage.
Cela concerne essentiellement

*les temp~ratures,
*les vibrations et oscillations (lors du buffeting, tir canon),
*la compatibilit& 9 lectromagn~tique.

Ces mesures doive.it assurer

- premi~lrement que les conditions d'environnement sp~cifi~es par l'avionneur pour les
diff~rents lieux de montage soient respect~es par lui-maine,

- deuxi&mement que les 6quipements fonctionnent correctement dans leurs lieux do montage
et dans le domaine d~fini par ces spL-cifications.

- n grand soin doit Atre port ! A la qualit& des grandours d'entr6 qui sont fournies par
les sondes et gui entrent dans le syst~mo. Ceci concerne la pr~cision et la puret6 des
signaux.
Pour une bonne partie il s'agit de valeurs d' talonnage, concernant par exemple

*altitude et vitosse,
*angle d'incidence, angle do d~rapaqe, temp~rature d'impact,

ainsi que des signaux provenant de

*centrale gyroscopique,
*radioaltim~tre,
*Doppler,
*bottier gyrom~trique.

Dans la mesure du possible, les orreurs dbtermin~es sont m~moris~es dans le calculateur
d'armes cormme valours correctives. Ce proc~d& permet non seulomont une augmentation de
la pr~cision mais 6galement la coh~rence des valeurs indiqu~es, car les param4 tres

*vitesso,
*altitude,
*nombre de Mach,
*incidence,
*radioaltitude,
*cap

sont pr;-sent -s deux Lois au pilote du poste AV: d'une part dans le HUD, et d'autre part
en tant qu'indication classique du type t -te basse.

-Infrastructure du syst~me

Dans ce contexte, il faut surtout parlor de la bonne disposition des 6l6ments de
visualisation et de comwmando au poste piloto. 11 faut voiller i co que ces instruments
et organes soient logiquomont congus et convenablement mont ?s. 11 no faut pas ignorer
que l'agencement do ce mat !rie1 ne peut se faire que sur avion en vol, ou lors de
maquettages, A la rigueur, mais jamais en r union au tapis vert. Ignorer co fait, c'est

* oncourir le risque de perdre plusieurs annbes au niveau des essais.
Dans ce paragrapho, il faut !qalerent citer le dbveloppement en d~tail du logiciol

* pour ce qui concorne

*les v~rifications automatiques du logiciel,
.les modes de secours en cas do pannes d'6quipements et les indications
de tolles pannos,

S. . lacquisition des caract~ristiques des armos de s~rie,
la pr~cision des calculs a~rodynamiques.

* - Symbologie HUD

Los symboles pr~sent~es dans le viseur sent A contr~ler quant i la luminosit&, au
contraste, A la pr~cision, et par rapport A l'importance du champ de vis~e, ainsi
quant A l'information elle-mAme et son utilit6 ot compr -hension pour le pilote.

Nature et forme des symboles - ceci est un vasto sujet, et qui est loin de faire
lunanimitA des pilotes. Loexpirience europ~enne en mati4 re de HUD 6lectroniques
&tait pratiquement nulle au debut des essais Alpha-Jet. Et l'oplnion d'un piloto quant
Ala syinbologie A!volue avoc sea exp~riences acquisos, ceci dans lo sens qulil peut

* "supporter" plus d'informations apr~s un certain nombro d'heures de vol ef fectu~es.

Grace au HUD programmable, nous avons pu modifier pratiquement toute la symbologie en
6 mois: Pour l'essentiel, nous sommes pass~s dune symbologie pseudo-analogique A une
symbologie partiellement num~rique (Photos 11 et 12).
La symbologie version sL-re ne correspond plus ni A la sp~cification MIL applicable
(884 C), ni au STANAG. Ces derniers ont probablement 6t& fig~s eux aussi dans un con-
texte purement th~orique, A une 6poque a laquelle personne ne poss~dait 1'expL-rience
nicessaire.
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- Int gration du syst~me et contr8le de sa pr~cision

Le fonctionnement correct de l'ensemble des composants du syst~me entre eux, ainsi que
la pr~cision de fonctionnement du syst~me au tir et a la navigation ont 6tfi acquis en
plusieurs 6tapes, tant aux banc d'essais que durant des vols dlessais.
On verra dans la suite comment nos travaux se sont d~roul~s.

4.METHODES D'ESSAIS

Pour des raisons de disponibilit6 du mat~riel, le syst~me a 6t essay6 en 2 6tapes:

Stade I :Sans Doppler, ni calculateur de navigation. La force et la direction du vent
sont conimuniqu es au pilote avant la passe de tir et c'est le pilote gui
affichc ces valeurs sur Vinstrument correspondant au poste pilote.
Dans cette phase nos activit~s 6taient concentr !es sur la syxnbologie HUD
et la pr~cision de tir.

Stade 11 Avec Doppler at calculataur de navigation. Gr~ce A ce mat~riel le vecteur
vent paut tre calcul continuellement par le syst~ma lui-mgme. Dans cette
phase nos activit ,s portaient sur la pr~cision de la navigation at sur le
d~veloppement du boltier de conniande pour le calculateur de navigation.

La syst~me a &t soumis a toute une serie de tests comma je vous les exposerai dane la
suite; en g~n ral, las essais ont &t effectu~s dans lordre expos6.

- Simulation

Ces op !rations sont effectu!es sur un banc d'essais sur lequal le c~blage d'origine da
l'avion ast reconstitu& et qui est bquip& de tous les composants et capteurs de l'avion.
La pr~cision du syst~ma ast contrMl~a en statique et par points de mesure.
Das conditions de vol stabilis~es sont sirnul~as!

- Stimulation

Las param~tres enregistr~s lors de manoeuvres da vol at las valeurs correspondantes
mesurC-es par les sondes sont introduits dans le syst4 ma. En proc~dant de la sorte, il
est possible de contr~ler la pr~cision en dynamique ("stimulation"). Par comparaison
avec las valaurs constat&es en statique, on choisit les constantes de temnps pour les
filtras n !cassaires. En outre, cela permat d'obtanir au pr~alable une id~e de ce gui
sera pr~ sent& au pilote durant la phase dattaqua.

- Passes de tir fictives

Ellas constituent l'&tape suivante et sont effactu ?es avac Vavion. on survailla le
calculateur d'arnas en ernregistrant sas signaux daentr~e et de sortie. Simultan~ment
ce m~me calcul est fait au sol par un ordinatai~r dans laqual la valaur dun param~tre
d~termin& est remplac~e par une valaur da masure amn !ior~e et plus pr !cise de ce m~ne
param~tre. Example: L'assiette longitudinale de la centrale gyroscopique ast remplac~e
par Ilassiette longitudinale de la cantrale a inertie mont~e Sur l'avion comme in-
stallation d'essais. L'influence qu'a catta mesure sur la hausse du r~ticule de vis~e
est ainsi d~montr~a de fagon claire et nette, et par la mt~me linfluenca quaella a sur
la pr~cision de tir. Le proc~dA est le mt-ma pour laltitude radio-sonde, par exemple.
Dans ce cas, la valeur de mesure de ramplacement ast celle de l'altitude cin~th~odolite.
D~s qua toutas las arraurs discernablas samblant connues, on passe a la phase suivanta.

- Passes de tir r~elles

Laur bian-fond6 est de d~montrer la pr~cision globala du syst~me, si possible de fagon
statistique, mais sans pour autant devoir dL-ployar des moyens trop importants. En m~ma
temps allas permettent &ventuallemant de mettre en 6vidence des erreurs syst~matiquas
residuellas, cela lorsque le point moyen de tous las impacts nWest pas identigue avec
le centre de la cible.
En plus nous avons trouvA qua la pilotabilitA- de la symbologie ne peut Atre r~ellement

t testee que lorsqu'on damande au pilote d'obtenir las meillaurs resultats de tir.

Les armes utilis es ont A!t6:
* . une bombette lissa dont la ballistique est bien connue,

*la cano. embarqu6 pr~evu pour la s~rne.

Pour les tirs de bombes, la cibla vis !e est la croix centrale d'un cercla de 200 m
de diam~tre plac& sur le champ da tir de Cazaux (Franca). JusquAi pr~sent environ 70
bombes ont 6tA largu~es avant, A pau pr~s autant apr~s installation du Doppler. Un
tiers de ces bombes ont &et6 largu~es lors de vols de tir effectu~s par les Services
Officiels.

* Las tirs canon se font sur un c~ne flottant sur una piscine mesurant 110 M de long Sun
60 m de large, ou sur des filets de 5 m x 5 m dress~s a la verticale et margu~s d'une
croix orange. Line seule salve de 0,5 s environ i 10 A 20 obus act effectu~e sum chaque
cible. Jusqu'A prL-sent environ 3000 obus dexemcica ont &t6 tir~s en 200 rafalas. Le
but du tir sun piscine est de d~terminer la pr~cision du premier obus tirA? et le
d~roulement approximatif des impacts suivants de la salve. Le but du tir sur filet est
de melever le nornbre de scores, tout en vaillant A 6liminer tous las ricochets.
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Pour les passes de tir nous utilisons lea pxofils de vol pratiqu~s par la LUFTWAFFE, a
savoir: profil d'entratnement avec hippodrome et prof ii pop-up.

- Les vols de navigation sont essentiellement des vols triangulaires, chacun des 3 trongons
correspondant A plus de 100 NM que ce soit au-dessus de la terre ou de la mer, avec
des altitudes et des vitesses diff !rentes.
Aux diff~rents coins du triangle de navigation lea donn~es du syst~me sont compar~es
avec celles de la plateforme inertielle et avec les points d~termin&s du terrain sur-
voli?. Un recalage des erreurs de navigation n'est pas effectu6 ceci af in dl~viter que
l'imprecision due au passage a la verticale d'un point n'engendre d'autres erreurs.

5.RESULTATS DES ESSAIS

-Symbologie du HUD

Les photos 2 a 5 montrent des cas typiques de repr~sentation lors d'une attaque avec
roquettes ou canon. Le symbole caract~ristique de ces modes est le marqueur de dcmaine
reprbsent6 sous forme dun cercle 3/4 autour du reticule de tir (Pipper).
Ce marqueur domaine apparalt A la distance maximale de tir, se ronge continuellement
dana la mesure oO l'avion se rapproche de l'objectif, et disparalt lorsque la distance
minimale de tir est atteinte, clest-i-dire au moment ou la Croix de d~gagement commence
a clignoter.

Les photos 6 A 10 montrent le mode bombes caract~ris6 par la ligne de chute des bombes
(BFL). II. s'agit 1A d'une aide au pilotage pour le pilote. Il est plus facile pour lui
de viser la cible s'il eat en mesure de placer le plus t8t possible cette BFL sur la
cible. Ainsi il s'asaure toujours une marge de pilotabilitA! assez grande, et il a la
certitude de pouvoir finalement placer le Pipper sur la cible. De toute fagon, en mode
"bombes", le pilote laisse syst~matiquement passer le Pipper sur la cible -grace A la
BFL-, pour d~clencher la bombe au moment de la coincidence Pipper/cible. Par contre,a
llattaque avec canon ou roquettes, le Pipper peut 6tre en principe maintenu sur la cible
tant que l'avion est en passe de tir. Cela peut tre mieux illustr& moyennant un film
de tir pris par l'enregistreur de vis~e HUICD.

On peut ajouter que manifeatement le HUD de l'Alpha-Jet est une tr~s bonne acquisition.
Tous les pilotes -y compris ceux des Services Officiels et ceux de la LUFTWAFFE- ayant
eu jusqu'a present l'occasion de voler avec le HUD en sont enthousiasm~s. Bien que ce
viseur ait une optique dont le diam~tre de 4 pouces ne correspond qu'i la moiti ! de
cells do vissor de l'avion F-14, A titre d'exemple, il pr~sente on champ de vis~e bien
supbrieur en raison de la g~eomitris de la cabine.

-Pr~cision de tir

Llexploitation des r~sultats de tir est normalement effectu !e en CEP (Circular Error
Probability) correspondant au rayon doun cercle autoor du point central de la cible
dans leqoel se trouvent 50% de toos lea impacts aelon la probabilitL-.

Qoells eat la pr~cision do syst~me selon les valeors exploit~es comparativement aux
valeors pr&-calcul !es?

a) Pour les bombes (bombettes d'sxsrcice lisses) la pr~cision pr&-calcul~e correspondait
a un CEP de 15-23 mrd slon 1'intensit& du vent (sans Doppler et avec introduction
manuells du vent). Lors des essais en vol le r&soltat constat& a &t de 10,4 mre; apr~s
correction de lsrrsor de via~e do pilots il a &t de 9,7 mrd, clest-i-dire que les

*vis~es ont &t effectu~es avec one tr -s grande pr~ecision. La diff~rence entre les 2
valsors est n~gligeable. Dana le cas d'one distance de tir de 2000 m 50% des bombes se

* troovent donc dans on cercle avec on rayon de 20 m autoor de l'objectif.

b) En ce qui concerne le canon certaines dispersions suppl~mentaires ont ! constat -es,
&tant donn& que les essais ont &t effectu~s avec des canons prototipes.

5Malgr& cela les risultats constat~s sont &galement meilleurs qos les valeurs pr
* 4 calcul~es variant, en fonction de l'intensit& du vent, entre 4 et 5 mrd.

Lea essais sans Doppler ont abouti A un CEP de 2,5 mrd, sans correction de l'erreur de
* - vis~e, et A un CEP d'environ 1,0 mrd apr~s correction de lerreur de vis~o. Autrement

dit, dans le cas d'une salve effectu~e sur one cible de 5 x 5 m i one distarnce dle tiir
de 1000 m 50% des impacts toochent la cible.

c) Avec Doppler, en modes bombes et canon, la pr~cision de tir a 6t la mime qae sens
Doppler. Ainsi la m~thode non op~rationnelle constistant i mesorer le yen' jt~ste avant
le moment do tir A laide d'un ballon m !t orologique est remplacL-e par la mesoro perma-
nente du vent A laide do Doppler embarqu , ceci sans perte de pr;claion.
(Filtrage du vent Doppler avec une constants de temps de 2,7 sec. et du sicnal an:le do

dkapage avec one constante de temps de 2,0 sec.)

En r~sumC-, les rL-soltats d'essais tant en mode "boirbes" qo'en mode "canon" ovit L-t conmme
-* suit:

1) Lea pr&ciaions de tir esp~r~es ont 6t6 obtenues.
2) Il n'y a plus d'erreur syst !matique dana le ayst~me de conduite de tir.
3) Lea resultats obtenos avec le mode RDR/BAR, qui eat d'ailleors plus repr !sentatif oc

loutilisation op~erationnelle, sont tout aussi satisfaisants qu'en mode purement RDR.



-Pr~cision de navigation avec Doppler

a) sur terre
Le calcul prbliminaire de l'erreur de position en tant que valeur CEP en fonction de la
distance parcourue avait donn6:

.en configuration "sans charges ext !rieures": 0,93% de la distance parcourue (ou 3,6NM/h)
.en configuration "avec charges ext~rieures": 1,3% de la distance (ou 5 NM/h).

Ce name r~sultat fut obtenu au cours des essais en vol; ainsi A titre d'exemple, une
valeur CEP de 0,96% fut atteinte lors de vols de navigation sur la terre en configura-
tion "sans charges ext~riF-ures", 32 trongons de navigation, G. = + 0,49%, 0,(= ± 1,16%).

11 a 6t6 constatC- que l'erreur de cap r !sultant de la plateforme gyroscopique est l'erreur
principale du syst~me de navigation, et qui, dans la valeur CEP, est prise en compte en
tant querreur de navigation transversale.

b) sur ner
D'une part, le syst~me de navigation Doppler n~cessite une surface dleau suffisamnent
mouvement~e, af in qu'un pouvoir r~flecteur suffisant (pour 1l6nergie lectro-magn~tique)
soit djn- Sinon, le Doppler passe en m~noire, et la navigation se poursuit avec la
derni~re valeur du vent valable. L'erreur de navigation qui en rL-sulte d~pend de la
durge de cette condition et des variations du vent.
D'autre part, le vent engendre un courant au niveau de la surface de Ileau qui a pour
r~sultat une erreur sur la mesure de la vitesse, &tant donn& que la vitesse relative
entre Ilavion et la terre est faussie.

Lors de quelques vols et en fonction des conditions rencontr~es, on a obtenu le r~sultat

suivant:

CEP =1,46% (G~=+1,4%

GY + 1,1%)

Par une estimation du courant i la surface de l'eau avec un vent connu, il est possible
de dL-montrer que le Doppler est tout aussi pr~cis au-dessus de l'eau qu'au-dessus de
la terre.

6. CONCLUSIONS

Les 6tudes th~oriques en vue d'am~liorer le syst~me de navigation et d'attaque furent
lancL-es en automne 1975. Un prototype (03) a t destinL- aux essais en vol correspondants
qui ont eu lieu en deux !tapes:

- Le premier stade sans Doppler. Cette mise au point s'est &tendue sur une p~riode de
11 mois en 1977 et a n~cessit ! environ 100 vols.

- Pour le deuxi~rae stade avec Doppler la part essentielle des travaux 6tait consacr~e
aux essais de navigation, qui ont eu lieu entre le mois de mai 1978 et le nois de mars
1979 et pour lesquels environ 100 vols ont &t 6galement n~cessaires

- Depuis 1'L-t6 1979 jusqu'A naintenant les efforts se sont port~s vers une prise en compte
dans le syst~me final des derni~res demandes exprim~es par la Luftwaffe relatives a
l'utilisation tactique et op~rationnelle.

- Les performances th~oriques ont pu -tre d montr !es, voire d~pass6es.

- Ainsi donc, le syst~me a atteint son stade op~erationnel et apte pour l'industrialisation.

Pour conclure on peut constater que ces essais ont pernis pour la premi~re fois S
4Il'industrie allemande de faire des exp~riences appriciables et n~cessaires dans ce

d omaine.
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SUMMARY

The flight clearance programme for a modern air-to-ground weapon aiming system demands that extensive
flight trials are carried out to demonstrate that the performance of the system meets its specification
requirements. With the increasing complexity of weapon aiming systems in terms of the multiplicity of
ranging methods and attack modes provided, ways of minimising the flight trials requirements have to be
considered. This paper describes trials methods and associated analysis techniques which are currently
used and are designed to maximise the data available while minimising the number of flight trials carried
out.

1. INTRODUCTION

The aim of this paper is to describe the trials philosophy and the resulting trials methods and analysis
techniques which are used in the testing of current air-to-ground weapon aiming systems. The trials
philosophy has been evolved over a number of years from experience in the testing of both air-to-air and
air-to-ground weapon aiming systems. During this period the increasing sophistzcation of weapon aiming
systems has demanded a significant increase in the size of the flight trials prograrme required to be
undertaken. This increase together with the rapidly escalating costs of carrying out flight trials has
been the major factor in dictating the trials philosophy which has been adopted.

The bread requirements of weapon aiming system flight trials are to evaluate the functioning and accuracy
aspects of the system as defined in the aircraft's specification.

Functioning can be defined as an examination of the operation of the weapon aiming system throughout
the specified weapon delivery envelopes to assess its usability and safety. This essentially
determines if any unsatisfactory or limiting aspects of system behaviour are likely to occur.

Accuracy can be defined as an assessment of the accuracy with which the weapon aiming system ca n
determine the point in space at which the weapon should be released assuming that the ballistic
equations used in the airborne computations are correct.

Before discussing the trials methods and analysis techniques which are used to prove that the weapon
aiming system meets its specification, it will be useful to describe the basic principles of a weapon
aiming system and in particular the inherent errors which occur.

2. WTEAPON-AIMING YDTEY DESCRIPTICN

The fundamental principle of an air-to-round weapon aiming system is that the weapon is released when the
aircraft's distance from the target is equal to the forward throw of the weapon. From this simple
definition, the following requirements of a weapon aiming system can be identified:-

1'easurement of the aircraft's position with respect to the target.

Determination of the aircraft's flight condition.

Calculation of the weapon's forward throw.

Generation of a weapon release sirnal.

These requirements can be fulfilled by a weapon aiming system which consists of four prime elements, namely
.;ensors, Computing, i:plays and Controls, and Aircrew. The Sensor elements enable the aircraft's position
with respect to the target and its flight condition to be determined. The Computing element calculates the

4 weapon's forward throw I Verlerates a weapon release signal when the latter is equal to the calculated
distance to the target. 7-e control of the attack is carried out by the Aircrew via the appropriate Display
and Controls which interface with the Computing element. This in turn positions the relevent sensors
during the attack. The rechanisation and integration of these elements varies from aircraft to aircraft. A
typical example is illustrated in Figure 1. Although this paper concentrates on manually flown visually
sighted attacks, the trials mefhods and analysis techniques can be equally applied to automatically flown
blind attacks.

2.1 Sensors

Te sensors provide the input data used in the weapon aiming computations. This data typically consists
of positional information of the aircraft with respect to the target, the aircraft's velocity with respect
to the ground and the airmass, the aircraft's attitude with respect to the ground and the local airmass
characteristics.

In the overall analysia, errors associated with each of the sensor measirements used in the weapon aiming
computations must be considered and their effect on the overall weapon miss distance determined. To
calculate the magnitude of these errors it is necessary to provide a means of determining the true value
of the senred parameters. Typical sensor parameters considered in the analysis are:-



7-2

True Airspeed

Vertical Velocity

Velocity along heading

Velocity across heading

Height

Pitch Angle.

2.2 Computing

This is the heart of the weapon aiming system where the necessary computations to effect a weapon release
are carried out. These computations typically consist of calcul ting the following:-

weapon forward throw

Distance to target

Time to weapon release

Position of Head Up Display symbols.

With the advent of high speed digital computers the accuracy of the computations and in particular the
repeatability has greatly improved. Even so, errors due to the discrete nature of digital computing do
arise and although needing to be accounted for, they are no longer of great significance.

2.3 Displays and Controls

'he modern lead Up Display provides the Pilot with sufficient information to fly the aircraft 'head up' in
all i hases of fli-ht. The information displayed includes alpha-numeric and analogue displays of quantities
such as height, airspeed, incidence, vertical velocity, attitude and heading. In addition in the weapon
aiming phases, the positions of the computed target indicator and weapon impact point are displayed.
Jelection and control of the displayed symbology are exercised by the Pilot via the various Control Units.

Errors which arise in the positioning of the symbol; can be typically due to incorrect display input
in!ormation, symbol generation inaccuracies or incorrect aircraft/equipment harmonisation. These errors

cu::t be deter ined and their effect on the overall weapon miss-tistance evaluated.

2.4 Aircrew

In a visual attack the Pilot is the :io:;t significant element in the system. The a5-tions he takes influence
the accuracy of the attack. Hie is interaictive with the weapon aiming system via the Control Units in
setting up the attack modes, selecting the weapon station and chang ing the phases as the attack proceeds
up to committing the weapon to release. In some attack modes the Filot can refine the computed target
poition. It is desirable however to remove him -s much as possible from any continuous process and give
him minimal discrete actions to perform. 1he display of the computed target position in relation to the
real target at the weapon release point is the measure of jilot'; performance.

3. TIIALS iI IX)SOPllY

As stated in the introduction to this paper the prime purpose of weapon aiming system flight trials is to
prove that the weapon amingj system operates satistfactorily and mcets the accuracy requirements stated in
the aircraft's speciiication. 7t is the accuracy requirements which dictate the form of flight trials to
be unlertaken, the oyeratin, aspects arc capable of being assessed luring these trials.

In the aircraft's specification, the acc.orocy r'quirementsare usually stated as weapon miss distances, i.e.

the dista:nce between th. weal on ia -ct foint and the target which the weapon aiming system should achieve
for a ,iven ranging method, attack mode and weapon :,t jefined flijit conditions. These miss distance
fig-ures are normally jualified by the percentage of weapons which must meet this requirement and are often
referred to the aircr;!ft fleet.

The root obvious way to determine the accuracy of the weaon aiming :oystem would be to deliver a single

weal on against a target and mesure the resulting iiss distance. Due to the unique nature of the elements
of the weapon ,iming syste,, of the aircraft and of the weapon, it is extremely unlikely that a second or
third weapon delivered from tue same aircraft would 1ive the same result. It would t!herefore be necessary
to ietier a series of weapons for each combination of ranging methods, attack modes, weapon options and
flipht conditions to rdetermine the scatter in miss liu tance which can then he related to the various
.apecification requirements.

Thisz form of tri, is termed the 'a tislici approachl ,ni asam a that the errors which contribute to
'he ovev:nl weapon dulicer error are lnepencert. For ai odern g'rounl attack aircraft with its multiplic-
ity of ririnre rg met ods, atta ck gio les as i wet, on ot iun, thi : tat itical pproach demands that a large
number of attacks are carried out to ttablish th, required confi,eonce in the overall results, the
answers are however inijup to the aircra ft and weaipon aiminj- sys temn combinations tested and may not be
sufficiently repr,:,entatiwe a the aircr-if- fleet ha,' to the lyith a mple available. Another problem with
this -ipproach i , that 'in measurement of weapon mias li tnce -ive-, wry little informution about the
performance ai the elementn which coke pi the wee on imrni :iynter, i.e. 'esons, Computing, etc. During
a flight trial, even f the wenons hit the targ,-t, it in ioa;: le to have ;elf-cancelling errors which
under otm.er con itions or with different equipm-nt could in the xtreme proluce additive errors. hus
while th, flirt - trial couldI inicate wit i:factory accuracy, a ircnaft fleet accura cy may not be met.

Du to the i.:Irge expnditire in time uindi money inherent in carryin out weapon aiming systeic flight trials,
increasing, em hasi; has, ben placeI on what in, ter: d the '"an:lyticn approach" to overcome the deficiencies
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of the statistical approach. The basis of the analytical approach is that the overall weapon miss distance
error can be explained from an understanding of the individual system component errors. This can be
achieved by comparing the actual system 1 arameters at the weapon release point with their true values. To
carry out this procese extensive ground and airborne instrumentation is required.

By relating the analysis to the weapon release point, it is not necessary to release weapons to determine
the accuracy of the weapon aiming system. This in turn leads to some simplification in the overall trials
operation and a reduction in costs. For weapon release point trials, a mathematical simulation of the
weapon is used to determine the miss distances on the ground caused by the system errors present at the
release point.

The analytical approach can be used to determine the performance of the various components of the weapon
aiming system for each attack undertaken. From an examination of flight trials data for each combination
of ranging method, attack mode and weapon option at selected flight conditions, a large sample of data
describing the pe. formance of the various system components can be obtained. 2quivalent data samples can
be obtained fror several of the combinations tested, and therefore the need to carry out repetitive trials,
as in the case of the statistical approach, can be considerably reduced. In the case of a system with a
single ranging method, attack mode and weapon option there would be no difference in the number of attacks
reqaired using the statistical or analytical approaches. However for a system with two ranging methods,
two attack modes and two weapon options, the analytical approach requires typically one-third of the trials
compared to the statistical approach. This reduction in trials can be achieved without affecting the
confidence in the results.

4. INSTRU7enTATION

As stated previously for an analytical trial it is necessary to have both comprehensive ground and airborne
instrumentation. The following paragraphs discuss typical instrumentation systems which are used for
weapon aiming system trials and the initial stares of processing the recorded data.

4.1 Ground Instrumentation

4. 1.1 i anj-e Fac ilit ies

lo enable the actual aircraft attack conditions to be determined, i.e. aircraft velocity, attitude and
position with respect to the target, some form of ground instrumentation is required. In the United Kingdom,
the !,oyal Aircraft Establishment provides several Instrumented Ranges. These Ranges have various ground-
based tracking facilities including synchronised kinetheodolite cameras which are capable of tracking the
aircraft during the final stages of an attack.

In addition the Ranges have meteorolo ical facilities for measuring air temperature and pressure at various
heights above the ground. Wind data can be determined by using the kinetheodolite cameras to track meteor-
olo ,ical balloons which are reloased before and after trials sorties. Alternatively wind data can be
obtained by using the kinetheodolite cameras to track a smoke flare which is fired from the trials aircraft
at the simulated release point. hxperience has shown that this latter method provides a more accurate
measurement of the wind conditions at the weapon release point but requires additional ground and airborne
facilities.

4.1.2 Range Data ProcessinFr

The position of the aircraft on the kinetheodolite camera films is subsequently measured and togecher with
;:njwlege at the kinetheodolite caseras attitude and position, the position of the aircraft in a convenient
set of acxes related to the target is determined. The trajectory points are normally calculated every one
fifth of n acond corresponding to the kinetheodolite camera's frame speed. The aircraft's trajectory is
usually determined from about 12 seconds prior to weapon release to 3 seconds after release. A typical
.ccurary of positional data derived from kinetheodolite camera film measurement is better than 1 metre
S.D.). ?his is consiidered tu be adequate for all weapon aiming system measurement requirements. The

velocity of the air:rnft is derived from the positional data using a standard differentiation technique.

In the weapon relaae point error analysis scheme described, the aircraft's position and velocity at points
either side of the weapon release instant are u:sed in order that the aircraft's position with respect to
the target and its velocity it the release instant can be determined. These values are known as the

4 .2 Aircraft Instrumentation

7. 5 -l: i;o necessary to record the values of a number ,f weapon aiming system parameters onboard the
ire raift. The value of these parameters wi'h are obtained from the Weapon Aiming Computer and the fead

Up Displaiy are known as 3YTII. data.

1 ,eapon Aiming I;omputer

To record Iata from the Weapon Aiming Computer, it is programmed to sample and output the required paramet-
ert; to the aircraft'n instrumentation system. Typically the latter consists of an electronic unit which
interfaces wkth the Weapon Aiming Computer and suitably formats the required data for recording on a
magn,tic tape recorder in the aircraft. After :light the magnetic tape is replayed on a ground station
nnd the data retrieved for subsequent data processing.

It in essential that all sensor inputs to the weapon aiming equaton:; and all output quantities to the
dispjlay and weapon sub-systems arc recorded. In addition, it ia desirable to record some intermediate
parareters in the weapon aiming com,:utations. Although these intermediate parameters are not used in the
normal weapon release point ana)ysis they can provide invaluable diagnostic data.

..., ; - -- .. -. ,.. ,
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As part of the overall data recorded by the aircraft's instrumentation system, a number of weapon system
parameters termed 'frozen data' are recorded at the weapon release instant. Since digital computers work
in discrete cycles it is normal practice to predict if the weapon release point will occur in the next
cycle. When this is determined a timing counter is activated which enables the weapon release pulse to be
generated with a high degree of timing accuracy. It is the input parameters to this last cycle of weapon
aiming calculations which are the frozen data.

4.2.2 Head Up Display

For all weapon aiming trials, the aircraft are fitted with Head Up Display Cameras which record on 16 m
cine-film the view through the Head Up Display as seen by the Pilot. In order to relate positions of
symbols on the display for analysis purposes, a datum symbol is displayed at the electrical centre of the
cathode ray tube of the Head Up Display which is in turn aligned to the aircraft's Longitudinal Fuselage
Datum. It is therefore possible to relate all measurements taken of Head Up Display symbology or outside
world positions directly to the aircraft's Longitudinal Fuselage Datum.

The Head Up Display film is analysed using a film analyser which measures the positions of selected
displayed symbols or of ground objects relative to the datum symbol. This data is automatically digitised
and stored on an appropriate medium. Typical features which are measured are as follows:-

Computed Weapon Impact Point

Computed Target Indicator

Actual Target.

In the analysis scheme, interpolation of the symbol positions is carried out to obtain their true position
at the weapon release instant. The outside world measurements have the appropriate windscreen distortion
correction applied (see Section 6.1.2).

4.3 Jorrelation of Airborne and Ground Data

The ground and airborne instrumentation provide time histories of a series of parameters which are recorded
against their own specific time bases . To enable these two sources of data to be uzed together, it is
necessary that a means of correlating them is provided. This is achieved by generating a Radio Tone on the
aircraft which is interrupted by the weapon release pulse generated from the Weapon Aiming Computer. The
tone is received at the Instrumented Range and recorded against ihe ground instrumentation time base. The
ange uses the interruption of the Radio Tone as the reference for the ground data. The kadio Tone is also
recorded on the aircraft's instrumentation, thus enabling correlationof the two sources of data to be
achieved.

In addition it is necessary to correlate the information obtained from the Head Up Display Camera which
operates at a nominal 1L frames/second with the information recorded from the ieapon Aiming Computer. -his
is done by recording the time at which each opening of the Camera shutter occurs, on the aircraft's
instrumentation.

Figure 2 illustratec how the correlation of ground and airborne data is c,, chanised.

5 ... TAPT: 3 iASE OIN', MROR VIALYSIS

The objective of the analysis is to break down the overall weapon miss distance into its various components
which arise throuh the errors inherent in the weapon aiming system. This form of analysis enables the
performance of the weapon aiming syste to be quantified for individual attacks and provides the ability
to ident'fy those factors which effect the systemb accuracy. It also allows a self-check to be carried out
by ensuring that the overall miss distance is fully accounted for by the miss distance components.

The analysis method uses the fact that the actual target and the weapon impact point as calculated by the
wenpon iimin,- system are both points in space, which under ideal conditions should coincide, i.e. zero miss
distance. However, as t! is in very unlikely to occur, a number of points can be chosen between the target
and the calculated imp ct point such that the separations between them are accounted for by the various
miss distance components of the weapon aiming o;ystem. This is illustrated in Figure 3. 7ach point in the
an:lysis scheme lies on either one of two planes, the Reference plane which is based on the true height of
the aircraft or the System plane which is based on the system height of the aircraft.

A basic block diagram of the analysis scheme is shown in Figure 4.

Inputs to the analysis program are as follows:-

Rangle data consisting of aircraft position and velocity and wind data from either side of the release
point.

Aircrnft .yste- data consisting f r hei ht, speed, etc. frozen in the Weapon Aiming Computer at weapon
release.

Eead Up Display flT.U 'It consisting of target, computed weapon impact point and computed target
iniicator potitions from frames either side of the release point.

The analysis scheme determines the overall weapon miss distance and derives the contribution of the
following error sources:-

System Height

Specific .:ensor (Airspeed, Velocities, Wind, etc.)



System Computing

Release Time Computation

Head Up Display Symbol Positioning

Pitch Angle/Harmonisation

Azimuth Steering

Pilot Aiming

Figure 3 as referred to earlier, shows the analysis scheme points for a visually aimed air-to-ground weapon
attack. These are defined as follows:-

T is the Reference value of target position and is obtained from Range data.

GR is obtained using a model of the Weapon Aiming Computer's (WAC) ballistic calculations with Reference
values of height, speed, wind and dive angle to derive weapon forward throw at target height.

GS is obtained using a model of the WAC ballistic calculations with Reference values of speed, wind and
dive angle and System value of height to derive weapon forward throw at System height.

FS is obtained using a model of the WAC ballistic calculations with System values of height, speed, wind
and dive angle to derive weapon forward throw at System height.

ES is the System value of weapon forward throw.

DS is the System value of range to the target.

CS is the position of the computed target indicator symbol measured from the Head Up Display film and
extrapolated to the weapon release instant; it is calculated using the System value of pitch angle on the
System height plane.

HS is the position of the computed weapon impact point symbol and derived as C:.

BS is the equivalent of CS but is calculated using the Reference value of pitch angle on the System height
plane.

JS is the position of the computed weapon impact point symbol and derived as BZ.

BR is the projection of BS on the Reference height plane.

AR is the apparent target position on the Reference height plane.

X denotes across heading parameters.

The analysis scheme combines the points defined above to produce the following contributions to the overall
weapon miss distance:-

Along lieading

GR-T is the overall weapon miss distance.

(GR-GS) + (BS-BR) System Height Error iR the miss distance due to the error in the System value of height.

GL-S Specific Sensor Error is the miss distance due to the error in System values of velocities and wind.

r'S-E System Computing Error is the miss distance due to the difference between the System's calculation
of forward throw and a calculation using the same ballistics model with System data.

. -DS Release Time Computation Error is the miss distance due to the difference between the weapon forward
throw calculated by the System and the System's range to target at the weapon release instant.

DI-C.; Head Up Display Symbol Positioning Error is the miss distance due to the difference between the
4System's range to target and the measured computed target indicator position using System pitch angle.

C.;-BS' Pitch Angle/Harmonisation Error is the miss distance due to pitch angle error, Head Up Display

harmonisation, datum dot positioning, etc.

BR-AR lilot Aiming Error is the miss distance due to the difference between the computed target indicator

position and the target on the Head Up Display film.

AR-T Windscreen Distortion Error is the miss distance caused by the optical distortion of the windscreen.

Across Heading

The Overall, System Height, Specific Sensor, Apparent System Computing and Pilot Aiming Errors are defined
in the same way as for along heading errors. The remaining errors are as follows:-

-XS-HXS Head Up Display .ymbol Positioning Error is similar to the along heading equivalent, but uses the
computed weapon impact point instead of the computed target indicator position.

- U- -
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HXS-JXS Pitch Angle/Hamoniration Error is similar to the along heading equivalent but uses the computed
weapon impact point instead of the computed target indicator position.

JXS-BXS Azimuth Steering Error is the miss distance due to the offset of the computed weapon impact point
from the computed target indicator position in azimuth.

The analysis scheme also calculates the following weapon aiming system component errors:-

True Airspeed

Velocity along heading

Velocity across heading

Vertical Velocity

Wind velocity along heading

Wind velocity across heading

Height

Pitch Angle

Pilot Aiming

Head Up Display Symbol Position.

An illustration of the data which is input to .and output from the an:,lysis scheme is shown in Figures 5 andb.

6. TRIALS PLANNING

The approach to weapon aiming system trials, the data recorded and the method of analysis of this
data have all been discussed in the preceding sections; for completeness a brief review of the trials
planning aspects is given in the following paragraphs.

Trials planning can be divided into two phases, namely ground testing and flight testing.

6.1 Ground Testing

Ground testing can be divided between work which is carried out on a Weapon System Rig in intetgrating the
elements of the weapon aiming system and work which is carried out on the aircraft includin, the specific
on-aircraft calibrations.

6.1.1 Weapon System Rig

The Weapon System Rig is an assembly of all the avionic units which form the overall weapon system. "he
avionic units are connected together as they would be on the aircraft and can be operated as a complete
system. As it is not possible to function all of the sensors on the ground, simulation techniques have
been developed which can provide dynamic inputs into those elements of the weapon system which require
them. This enables comprehensive integration checks of the various elements and functioning of the software
in particular, to be checked prior to the installation of equipment in an aircraft.

The ua3e of a Weapon System Pir prior to the commencement of the flight testing phase has been shown to
save valuable time and expense by enabling the early identification and correction of system problems tobe achieved. In addition it has been found possible to refer problems discovered during flight trials

back to the System Rig for investigation under a more controlled environment and at a greatly reduced cost
compared with continuing the investigations in flight.

6.1.2 Aircraft Ground Checks

After installing the equipment in an aircraft and carrying: out the standard aircraft and equipment checks,
harmonisation of the sensors and displays to the airframe axis is carried out, i.e. establishing the angular
references of the various system components to that of the aircraft's Longitudinal hunelage Datum. Frials

- procedures dictate that the harmonisation of the relevant sensors and displays is checked at regular
intervals throughout the flight trials.

From experience it has also been found desirable to cillibrate the aircraft's winiicreen for optical
distortion. This is done using photographic techniques.

6.2 Flight Testing

[1sinp the analyti :al approach it it neces: ary to osur? that ,11 the ran,-ing methods, attack modes and
weapon options of the weapon-aimring ,;ystem are flivht tested in all regK1.na of the required flight envelope.
It is therefore normal practice to cirr-; out a series of attacks at a mitl-flight fnvelope condition for a
-,iven attack mode, rnnfging netsif :,nd wpaion otion, with a reduced number of attacks at each of the corner
points of the weapon ie'livery envelope. :'his is illu:trated in F'iruren 7 andi ". For the prime attack modes;
it is considered that typically of the order of :seven flight cunditions should be investigated but in
reversionary -s.odes thi. number it; usually reduced. The ma in criterion in the final choice of the attack
parameters is to ,-noure t t c, .;uffiiolst sample of Iota is ;ivailablo for the evaluation of the performance
of the weapon aiming system components st each flight condition.

7. .1) 'X'l 1 :IATIIN PRuVING

In addition to usiin- th- -roun and airborne instrum ntaton data to determine the accuracy of the weapon
aiminjg, ,3yjtem ant ito va nou; ,mtotents -t the weapon relonae point, a more tetailed comparison of the
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data obtained during the weapon aiming phase is carried out. This involves a comparison of the time
histories of relevant System and Reference parameters which provides valuable information with regard to
the usability of the weapon aiming system. It also enables the dynamic behaviour of the system components
to be examined and provides a more detailed statistical description of their performance.

To handle the large quantities of data involved in such a comparison, a computer program called Interactive

Trials Analysis System (ITAS) has been developed. This system makes it possible for either trials or
design engineers with little or no data processing experience to manipulate flight trials data in order to
investigate the performance of the various system components. This consists of examining the performance
of the various system components over the full available time history of an attack either on their own or
with respect to other parameters.

Figures 9 and 10 illustrate the typical use of ITAS in producing a graphical representation of the rystem
component error against time and also against another parameter. From the former information a quantitative
measure of a system component's performance can be determined, while from the latter it -6 possible to
assess the functioning of one parameter against another.

As a result of carrying out a flight trials programme which exercises the various combinations of ranging
zethods, attack modes and weapon options at the selected fli,,ht conditions, a large sample of data relating
to the performance of the system components is available. "o obtain the, best estimate of the performance
of the system components the data derived from each attack is combined by statistical methods. In carrying
out this process it is necessary to examine the data for two main criteria. Firstly, is the data correlated
with any other parameter, typically a flight condition, e.g. speed. If some correlation is found, it is
necessary to handle such data in a manner which observes the correlation criteria, but if no correlation
is present it is possible to combine the data as a single large sample. Secondly, is the data a random
sample. Phis is obviously more difficult to quantify and bececes a matter of judgement as to whether
sufficient aircraft, equipment, pilots, etc. have been used in the trials.

To establish the best estimate of overall performance of the wealon aiming,, system, the best estimates of
the performance for each individual system components are inyut tc an overall weapon aiming sensitivity
model which determines the respective miss distance components at ny g:iven flig-ht cent-tion. These miss
dis-tance components are then added together using- a statistical technique to deterrine the overall weapon
miss distance, i.e. the aircraft fleet performance. From the best e:;tiiates of the performance of the
system components it is possible to check that individual equipments are meetin, their performance specifi-
cations. In addition from the best estimate of overall miss distance it ca-n be seen if the weapon aiming
system as a whole meets the requirement lail down in the aircraft specification.

8. CONCLUSION

,his paper has reviewed fli!-ht trials methods anl analy;is tecini uen which are currently u:ed in the
assessment of an aircraft's weapon aiming cyftem and in croving- taat it meets; its; spcificati on. Thcs;e
trivis form ivirt of the much larger task of clearing an aircraft and its; weapon systes:: for operational use.
eMphasis has been placed on the analytical nature of the trials which while minimisini- the flight trials

required demands a high degree of both ground and airborne in: -rumentation.

In the future it may be KolsSible to achieve some improvement in the accuracy of measurement of the iqef,-ence
data, i.e. aircraft xosition and velocity. It i.; consi iered however that e;' hasir shoul i be }vlaced on
reducing th< overall complexity of the trials equipment and tta processin- required. in particular the
use if automatic trackin,- devices which piovide a direct output of aircra, ft io:ition and v-,loci y; would
reduce the data processing, require nts, in :addition to a celur:ttn, the availaibility of Reference data
for analysis purposes. Similarly a.u.omotic read lng of Head 1., hisplay bita by .ir'. video recorders ald
auto-tracking replay ievices would oaai. improve the overall efficicncy o: the analycic.

In summary while improvements can be foreseen in the areas oft ata ;-athering and data processin,, the
concept of determining the system comrponnt errors at the weapon release point and the rec natitution of
the overall miss iistance error from the lare .;a 0:le a trials ita will continue to be the basis of the
analysis techniques for the proving- of future weapon aimin siste: s.
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DATA ACQUISITION AND ANALYSIS SYSTEM AS A TRAINING DEVICE FOR

SIMULATED CONVENTIONAL WEAPON DELIVERY

by
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J. Batenburg

Royal Netherlands Air Force

1. INTRODUCTION - no influence on pilot procedures during
weapon delivery

The tasks to be performed by the pilot during - easy handling of the airborne system on the
convuntional weapon delivery in high speed fighter ground
aircraft depend on the systems available aboard the - user's friendly processing and analysis
aircraft, and on the type of weapon used. system.
Presently the main part of the air-to-ground trai- 4. No ground equipment in the target area.
ning method in the Netherlands consists of the 5. No aircraft modifications.
delivery of training bombs at training ranges. 6. No influence on the operational status and
The disadvantages of this method are: handling qualities of the aircraft.
- the site of weapon delivery (and in many cases
alo the direction from which the attack is Although the system has no war task and therefore,
initiated) is often the same (learning effect!) no back-up system is needed, the RNLAF expressed

- th perfrmanct of the pilot is expressed in one the following requirements concerning the "mean time

luantity only: the score. The release conditions between failures" (MTBF):

are not measured - airborne system: 100 flying hours
- the high consumption of weapons (expensive!). - ground-based system: 1000 working hours.

Based on the number of required "DIAS" sorties per

In orier t avoid these disadvantages, a simple aircraft and the related working hours of the
.yst-m, called: "Delivery and Impact Analysis ground-based system one failure every half a year
Syst-m" k:1IAS) has been developed and tested by the may occur.
National A-erospace Laboratory NLB, under contract
for the, val Netherlands Air Force (RNLAF).
This system, based on a photogrametric method, 3. SYSTEM DESCRIPTION

yi-1Ids release conditions, the nominal weapon im-
p4L.t position and the weapon time of flight. Simu- 3.1 Introduction
latei attacks on a great variety of re-alistic tar- DIAl consists of two parts, namely:

gets -an easily be evaluatei and validated as there - an airborne data acquisition system attached to
is no ne,1 to Irep trai:iin g weapons. c'urthermore the aircraft ant
n- grouii-base i nst rumentation in the target area - a ground-based data processing and analysis system

is 1-.,e d, 'h- system consisting ,f an airborne at the airbase.
iat- acqui sitiolr system instalL-' in the aircraft
"tnvi a groun -bas-l proessing and analysis system The airborne system contains a photo camera by which
'it the tirbase allows a debriefing of the pilot at the moment of weapon delivery two photographs
within half an hour after completion of the mission, of a once measured target area are taken. The infor-
hii:; pap,'-r ives a description of the system. mation available from both photographs is processed

Attention is paid to the system requirements, the and analyzed with the aid of the ground-based system
.yst-m ,valuation rnid the implementation in an and yields the results of the attack carried out.
,p-rafi nal NF-, squadron of the RNLAF. The ground-based system comprises, among others,

a minicomputer, a display terminal and a photo
reader.

" . 3Y;TEM REQUIREMENTS A "DIAl squadron" has at its disposal several air-craft equipped with an airborne system and one
The RNLAF using, among others, NF-'; aircraft ground-based system.

.. .rr. It  i ;vl at taikc; wisn d t. have a
. rti.'c-d for that type Of aircraft whih 3.2 Airborne data acquisition system

s h u1 c'--t the f,, 'wing requirements: The airborne system of DIAS contains the
following components:

7. Accurate assessment of pilot performance con- - a photo camera (24 x 36 mm), ROBOT motor recorder
nerning simulated weapon delivery in an (semi) 36 C, 24 VDC with an exposure time of 1/500 s.
,perational environment by yielding: The camera is equipped with an object-glass

- weapon rlease conditions and "Schneider Xenon" f/1.9 -50 mnm and a central type
- - weapon impact positions for each attack run shutter

- statistical overviews of the mission results - a release magneto (solenoid)
in relation to pilot, weapon, target, dive - an automatic diaphragm control unit of which the
angle etc. electronics were modified and integrated with

. Training of pilots -oncerning weapon delivery - an electronic unit, designed to control the
by a fast feed-back of the mission results, camera

I. A simple system characterized by: - a housing provided with a front, glass and a
- a minimum of equipment retractable screen controlled by an electric motor
- a minimum of personel (TRW Globe Motors, type 5 A 548-8).
- low costs
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After completion of the flight the "DIAS nose", is lhit housing of th,- airborne system is Iesign,-d
brought to the squadron building where the film is such that ail oenterline stores oani 6- carrlli as
removed (easy accessible) and developed, before (Fig.ii).
If no DIASl mission is carried out the real "DIAL;
nose" is replaced by a "dummy nose" with an identi-
cal external shape (Fig.3).

'Li

4,.

-li 7e real and dumm :':,V1 '' ,,

MW j1WMW
r. k -. t ,



The retractable screen which protects the front (easy accessible and short time for development).

glass of the housing against dust and salt (low - Interactive programming facilities
level missions) will be opened during the weapon (editing activities).
delivery phase through tile activation (pilot's - System reliability

action) of either the "bomb arming switch" (mean time between failures is 1900 hours).
(bombing) or the "armament position selector switcih - Standardization in the RNLAF.
centerline" (rocketry). Pilot's actions during i - Costs.
"DIAS mission" do not differ from those to be

carried out normally during an attack micsion. With the aid of the photo-reader the developed film
In addition to the modification of the centerline negatives aLre projected on a high resolution
pylon construction a minor modification concerni rig screen. The once masur-d reference points (terrain
electrical wiring inside tie pylon was needed features) in tire target area, visible o n"ie pro-
,power supply, signals to camera). Aircraft modifi- jectie! . are digitiei and sent to the 'omputer.

iations ar c not involved. ,.n the basis of this information togetie.r with
briefing data (meteorological coniitiors, aircraft

i. , -Ir.ond-based data processing and analysis weigi.t and configura xin etc given by th,, ;, )11
s Y' 1, and data st-)rel i ! e l -n 1s c fi 'i-

r ie grulid-based data processing and analysis tions of cmvra, arr , r I lo- a' lys '" s
'stem tha is situated at the airbase consists of attack is carried ut

'' 1"a','].ing components:

-a-ler AE 71. "'he results of'" "'-s at'ta1 run a.'S 1I' d'- i 'i

S11 'Turprrse computer PDi? 1 1/34 1, bits, printer vu put ib.

* . ;;' 'i.-, mnory(.

-p] .. , ' rirnt.-r . All run r,-sult: ir- st r i iss r,-
r'"'-42 visual iisplay unit. statisti 'al ,v',-vi " '" h- refui' r- ,

1! 1 ts ty es), p;ir ot, wipon, urg - '

, i.. .p on)ope:nts of th ground-loro

. ' t :,i- Dsri r risOg others, the fVollow-

- " ,; :55 rss" 'iwaro.

.:,i -,--'d of -alrulation programn).
S'. lassr i .a with r'%l-time facils;'sies

TABLE L
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TABLE 2

STATISTICS OF DIAS RUN RESULTS

DATE OF PRINTOUT: OPERATOR: VERS1ION:
SELECTED PARAMETER VALUE LOWER BOUND UPPER BOUND
DATE
SORTIE NUMBER
PILOT CODE
FLIGHT POSITION
AIRCRAFT CODE
CAMERA CODE
TARGET CODE
WEAPON CODE
PLANNED TAS (kts)
PLANNED DIVE ANGLE ideg)
PLANNED HEIGHT (ft)
LIFE DELIVERY (NO/YES)

DELIVERY PARAMETERS (NUMBER OF RUNS = MEAN ST. DEVIATION
TAG ERROR (kts)
DIVE ANGLE ERROR (dog)
BAN ANGLE (deg)
NORMAL LOAD (g)
HEIGHT ERROR (%)
SIMULATED IMPACt (NUMBER OF RUNS=
RANGE ERROR (ft)
DELFLECTION ERROR (ft)
ACTUAL IMPACT (NUMBER OF RUN,;=S
RANGE ERROR (ft)
DEFLIW'TION ERROR ft)
't D (lUM.BER )F :PN3=
;Dp RATE

YST'PEM EVAlUATl)N 4.2.2 Caiculation techniq

As alrady mon'ilerred i--fore missioan planning data,
. n iral avilable throuh th, pilot, constant system data,

After havi ng carried out an inv.stigatio stored iri the lata !as,- of the grourid-bas,-d system
about ,he feasil ity of the pliotograimetri me,'t> and -he informal ion available from two photographs,

applied for I)[At, '11), the analysis t'biique t ak-rn ;f the target ar,a at 'he moment of simulated
--a; '-it-- Fr the system perfirmanc-,- I- w--apon deolivery are nTe-dei to d'-terminr the attack
Icelvai-es on a weapon rang,- were xt ecuted .), pt,rformanc-.

w - wrs made if an instrrrerted NF- A t-st aircraft Ia-l, - gives etn v,-rview -f these data.

3) -ruipp-d with a H)AG, airborn, ,ystem (proto- In the foLlwitig the analysis method is described in
typ') - general terms.
hie prc-ssing a f data (photographs) and th data

aalysis we- arri- ,ut with the aid of photo- The photograrmetric metthd.
r,-ai-r arad s-mput-r faeifl ios f the N ,R,

The photomgraamr-tri c metho , used to dteirmine the
ri ra, r b,:lh th,, rirwirhn,.se of tih poiti in and attitude of a camera with the aid of a

r----,. -;yt,m, t- n, th' roui as w--lI as photographr, tak,sa of a de'fined object, is based on
afli,,it. w,-ri, "-rri,' out,. the- fact that there is only one position from which

t.his object can be se,-n the way it is displayed on
.... L .m t'rformar-,- tIte photograph,

Expressed in mathematical t-rms:
- - en--,iral the camera has to be translated as well as rotated

Sa-f'r-. - AC was r,-ili rid an investigat ion was such that the image vectors on the photograph, trans-
arr-l ,It ' ,-; talK; h te f-as) liiity of such formed to the object co-ordinate system, cover com-

4 -i -a iii' -. rirl !his ,;t.udy th,- arialysis tchni ple, plately the object vectors in length and direction.
al - I a ph---;ganmm'tiic m,-th- d was 1evlop-I. Mor- background informat ion about the mathematical

,,' 1 paid t- the anai method applied iin pui-,,hlresl is given in ,V-) and (-I).
r,' I r firmatin i. giv,r. at-out the acouracy

, -- h;y-ht,-i'. FinaLly the ierfri-man,'- flight test:; iunora attitude with respect to the aircraft.
",irri,-i u.t_, t,> v,,rify th,- analytqii; , 'h i u ar,,

r I ;. -- 11- bottom of tm forwar I part of the aircraft

ri
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TABLE 3

Data needed for the analysir of a DIAS mission

mission
subject planning data base mission data

data
aircraft - tail number - position of

- configuration reference points
- fuel remaining and camera

over target - configuration
data

- gun sight
position

target - target - position of
number reference points

including target
- target altitude

above mean
sea level

camera - :UT.r - focus - . photosiii]iber - measures

of negative
- time period

between photos

weapon - "':i 2ygo - ballistic

iv[< . . - maximum fuse
arming delay
time setting

- p, sitive toleranco
fnse arming delay
ti {me' setting

iet 'r Logic:i{ - wind.

Soriitil!;Oi - temierature
taro,'t ,a - pres.sur, N

pI1: ino - d i ve nng i *
dIh'1'ry - airspod**

* Nrmal y fr,'as t lat a , vai labio.

In a of i ' , doliivriks n q weapon rang,', actual data are taken.
III caj the 1 I iot oxp''ri,,noen: oth.r wind condiions thai forecasted, and he adjuists his
plannoI delivory paranet ers, th,- chng,,l wind on litions will be taken for the analysis.

a' ,i at" not ie led fnr th,- analysis but are used to indicate pilot's errors.

fue, lage hai; ',r privi P.1 with , (airraft.) refe- - release altitude
rnce p,-int of whi.ch the pos itions together with - heading of aircraft.
t:e ,ampra positioi have been me-asurod once in)
rlation i t, a irraft o-ordinate system. These logether with the sIond photograph, taken 340 ms
roferetioe p ,:t;, vie ible en the photograph, are after weapon delivery, the following parameters are
usedI to cali ,ral e h'- 2amera Pttitude for each determined:
attack run with the phiotogrammetric method. - ground speed

- ground track.
4 Position anid a' itule ,f the aircraft with respect

to the target. Angle of attaok, dive angle and true airspeed.

?: Every VIAl; target is selected by the requirement of Because of the fact that the dive angle is one of
having terrain features which can serve as target the most critical delivery parameters much attention
reference points. The position of each point is is paid to calculate this variable as accurate as
measured once (infrared theodolite) in relation to possible.
the target. With these reference points, visible on During the performance flight tests it appeared that
the photograph, the position and attitude of the the calculation of the dive angle by using both
camera and thus of the aircraft can be determined, known positions, was too inaccurate because very
Having analyzed the photograph, taken at the moment often a curved flight path was flown.
of weapon delivery, the following release conditions For that reason the dive angle is calculated as a
are already known: function of the angle of attack, true airspeed

A--l, l, ~ l. . i~li
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(function of ground speed and dive angle), meteo- During the exposure of the film the aircraft covers
rological and aircraft data and taking into account a certain distance in longitudinal direction.
pitch rate effects. Furthermore the left hand side of the photograph is
The dive angle calculation is executed, using an exposed 1 ms earlier than the right-hand side
iterative process because both angle of attack and causing a position shift of reference points on the
dive angle are unknown. left-hand side with respect to the points on the
Note: If the wind information is incorrect the true right-hand side.

airspeed will also be incorrect. But, as the Taking into account an aircraft speed of 500 kt and
pilot plans (and executes) the attack with a slant range of 2000 ft to the target, this shutter
the wind information available, the results time causes a position error of about 3 ft and an
are also based on this information, attitude error of about 0.020.

The normal load factor. Elapsed time between both photographs.

The normal load factor is derived from the true The electronics which control the time period
airspeed and angle of attack taking into account between both photographs is adjusted to 340 ms.
pitch rate effects. Tests on the ground as well as in flight showed that

the maximum deviation is I ms.
Side-slip indication. Based on an aircraft speed of 500 kt and a timing

error of tins a position error of about I ft is caused.
In case the aircraft ground track and heading are
net identical, the difference may be caused by Delay time of weapon release.
either drift or slip or by both.
If the difference does not match with the cross With flight tests during which actual deliveries
wind component and aircraft speed it is concluded were carried out the delay times between "pickle"
that the pilot initiated a side-slip condition. moment (pilot's action) on the one hand and the
This is indicated in the run results, real- and "DIAS" release moment (first photograph)

on the other hand were measured. The "DIAS" release
ripper position. occurred 33 ms after "pickle" while the actual

release took place 25 to 40 ms after "pickle".

The pipper position in the ground-based reference Taking into account both the camera- and actual
frame, at the moment of weapon delivery is calcula- weapon release time delay a difference of 10 ms
ted by using the position of the gun sight with exists.
respect to the aircraft reference frame, the air- Based on that difference and an aircraft speed of
craft position in relation to the target and taking 00 kt an impact error of about 8 ft is caused.
into account the angle of attack and the sight
depression set by the pilot. "STATIC" ERRORS

Weapon impact position and weapon time of flight. Measurement of target- and aircraft reference points.

For the calculaiion of the (nominal) impact POS- The positions of the target reference points (geo-
tion and time of flight, use is made of ballistic graphical features) with respect to the target are
weapon tables, also used by the pilots to plan the measured with the aid of an infrared theodolite.
delivery. The accuracy of the measurements is within in cm
In case the actual value of a delivery parameter for the relevant distances.
is niot available in the table, an interpolation is
performed, using a second degree polynomial. The positiois of the aircraft reference points vith

respect to the photo-camera are measured with the
. Accuracy aid of a theodolite. The measurements are carried

In this section the most important error sources -, with the aircraft levelled (also used for cali-
nf the system are described. Furthermore an, experi- bration of the gun sight) . The accuracy of the mea-
ment carried out, to detenine the errors and th

,
* surements is within I mm.

inf'luence on the results are discussed. Finally ,e
overall accuracy will he given. 'amera focus.

The most important error sources are: Fhe focal distance (O mm nominal) of each camera in
- measurement of target- and airc~raft reference use is calibrated with an accuracy of o.1 %.

points
- ph s'o-camera [,,-ns distortion.

- read-out of photographs
- -Ilay time of weapon release. To avoii the influence of lens distortion (edges of

the lenses) reference points visible on the edge of
h' cause the system is used in combination with a the photograph (within 10 % of the width) are not
flying aircraft some system errors are caused by used for the analysis.
motion only. For that reason distinction is made
betwe-n "dynamic" and "static" errors. Read-out of photographs.

DYNAM, " FURORS The photographs (negative) ic enlarged 14 times on

the photo-reader screen which means that the pro-
,hutter time of camera. jection measures are about 34 x 50 cm.

Read-out tests showed that well defined reference
The nominal shutter time, of the cameras in use is points, visible on the photograph can be read out

ms which is tested for each camera. This value with an accuracy of 0.2 mm.
appears to be correct. The linearity or the photo-reader which has been



tested, is excellently. 4. The release conditions varied as follows:
- dive angle : 0 -15 deg

Experiment. - slant range : 1200 - 2300 ft
- release height : 170 - 630 ft

In order to establish the total "static" error an - airspeed : 415 - 500 kt
experiment was carried out during which with a - normal load 0.9 - 1.4 g.
calibrated camera (fixed position) photographs were 5. Use was made of actual meteorological data.
taken of an area with 8 reference points. The
greatest distance between the camera and the refe- From the performance flight tests the following
rence points was about 2000 ft. With the aid of conclusions can be summarized:
the DIAS calculation process the camera position 1. The circular error probable (CEP) and standard
and attitude were determined. This experiment deviation(S) of the differences between the
showed a maximum position error of 4.5 ft (standard actual and predicted (DIAS) impact positions,
deviation 1.5 ft) and maximum attitude errors of were:
less than 0.10 (standard deviation 0.030). a. BDU-33B

20 deliveries "steady state" release condi-
OVERALL ACCURACY tions:

CEP = 35 ft 3 = 3P ft
Taking into account the experimental "static" 8 deliveries "bunting" release conditions:
errors as well as the "dynamic" errors (except for CEP = 81 ft S = 47 ft
"delay time of weapon release") it is concluded b. MK-I06
that the overall accuracy of the DIAS position and 20 deliveries "steady state" release condi-
attitude determination process is given by 8 ft and tions:
0.10 (05 Z confidence level) respectively. CEP = 42 ft S = 21 ft
Based on the position error and the time period of c. MK-2R
340 ms between both photographs the maximum air- 5 deliveries "steady state" release condi-
speed error (,35 % probability) is 70 kt. tions:

CEP = h l ft S = 34 ft.
Making use of the ballistic tables available and 2. The values of the delivery parameters obtained

taking into account: by the aircraft special PCM instrumentation
- the po:ition-, attitude- and airspeed errors system and those obtained with the DIAS method

menti ne before agreed within the measurement accuracy of both
- a less accurate Oal:ulation of the angle of systems.

attack and live angle laccuracy is 0.1W
°
) 3. During the flight tests it was found that two

a:il : rthermnre the var tti.1n )f: photographs taken with a time interval between
- weapon characteri(tics (weight, drag) 300 and 350 ms would be most appropriate to
- aircraf't characteristics e.g. lift curve slope) the analysis.
- mieteorological data *. Although DIA3 is able to analyse (by approxima-
- dlay time between ":)IAS" and actual release tion) non-steady state deliveries, it has to

moment be emphasized that the results obtained in
the following impact errors* (circular error pro- those cases must be considered with some reser-
bable; -P) were expected during the performance vation.
flight tests to be carried out.:
- bombing KJP V ft During 'he flight tests no gunnery and rocketry
- gunnery OlD ft attacks were carried out. It is, however, expected
- rocketry , = ft.. that the impact errors for both attack types are

within the accuracy mentioned in the previous
'... Performance flight tests section.
:n order to evaluate the DIM performance , "i -i

tests were carried out with an instrumented NF-5A 4.3 Airworthiiness of the airborne data acquisition
test aircraft of the RNLAF (.). system
Diring the program I, missions, consisting of in 3round-based tests.
total V attack rune ware carried out on a weapon
range . Deleveries wer,, made with 2,0 MK-10o's, 2 To establish the airworthiness of the airborne sys-
BDJ-iiB's and ', fr-S2 H's. tea the following tests were carried out:
A number of 5 I-33b'e were delivered under so- - altitude test
called "bunting reZase" conditions (large deviations - temperature/humidity test
fremsteady state conditions, especially side-slip). - vibration test

- electro magnetic interference (EMI) test.
In the following, information needed for a good An D.41 test with the system attached to the aircraft
anlerstan rig of the flight tests results obtained, was also carried out.
is given: Te tests were executed for the prototype system as
1. The target area was provided with 9 reference well as for the series production.

points elually distributed over the area. All
points were (always visible) taken into account In summary it can be stated that the airborne system
for the analysis. has withstanded the tests excellently.

2. The actual impact positions were measured
accurately. Flight uests.

3. Four photographs within I a were taken, to
determine the best time interval for future As is customary when new aircraft configurations
DIAS photographs. are to be certified, the following subjects are

investigated:
*difference between the actual and predicted impact - structural strength
positions. - flying qualities
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- flutter air load measuring store described in (8). The
- aircraft performance results were compared with data obtained earlier in
- store separation. combination with a normal centerline pylon.

The normal and lateral force components as well as
Structural strength. yawing and rolling moment coefficients were identi-

cal in both cases.
The DIAS centerline pylon nose has to withstand With the normal pylon, no effect of Mach number on
the loads, that will be imposed under the flight the pitching moment coefficient was present, where-
condition listed in table 4. as with the DIAS nose there is. Furthermore with

the DIAS nose the moment coefficient is more nose
TALBE 4 up at low angles of attack and low Mach numbers.

With the knowledge of the separation behaviour of
acceleration()airspeed Mach empty centerline tanks (low density) which is most

longitudinal Ilateralvertical (kt) number critical (9) and because of the measured small
± 2.5 . ...± .5 -1.5+7.2 720 . increase of the pitching moment coefficient (0.011)

caused by the DIAS nose it has been concluded that

The structural strength of the nose is considera- the effect of the change in local air flow due to
bly in excess of the requirement, as stiffness, the DIAS nose on store separation is regligible so
necessary to obtain a good camera platform, was that store separation flight limits are not affected.
the dominant factor in determining the dimensions
of the construction. Hence, it was decided not to Subsequently demonstration flights, covering the
evaluate the structural strength aspects by means program of the airworthiness test flights (excluding
of flight tests, but only to demonstrate structu- performance items), a "cold soak", followed by
ral integrity, by flying up to the limits, imposed flight in a warm, moist atmosphere, while operatingby the aircraft itself. the DIAS system, were carried out. A proper opera-tion of the system during the most extreme condi-
Flying qualities. tions was demonstrated.

The location of the DIAS nose is such, that no
changes in the distribution of the lift over the IMPLEMENTATION OF DIAS IN AN OPERATIONAL
wing will occur, nor will the airflow over the NF-5 SQUADRON
elevators be affected. Thus, no changes in the Because of the results obtained the HNLAYoveral flying qualities of the aircraft due to d Bided to realize DIAS for "operational" use.
aerodynamic effects will occur. do te preetoe NF-S so ofthna F s
The mass, added due to DIAS (30 lbs) results in a For the present one NF-5 squadron of the RNLAF has

shift in the centre of gravity of the aircraft, been equipped with DIAS.

but the shift will be small (less than 0.1 ' The squadron has at its disposal a ground-based
m.a.c.). Furthermore, the shift will be in a system and 5 aircraft equipped with an airborne
forward direction, which is beneficial for flying system.In total 1000 DIAS sorties, consisting of 2000 to
qualities. 000 attack runs, will be carried out per year. A
Based on these considerations it was decided that

special in flight evaluation of flying qualities large number of targets are available.
Dependent on the results to be obtained during the

was not necessary. No anomaliu5 were noted during first half year, more aircraft will be involved and
the flights carried out so far. other NF-5 squadrons will be equipped with DIAS.

Flutter. At the moment the squadron is not yet "DIAS opera-

Past experience (extensive analysis of various tional", so no more information herein can be given.

NF-5 configurations, verified by flight tests) has
shown that the amount of mass, installed at the 6. REFERENCES
centerline pylon hardly affects the flutter
behaviour of the aircraft. As the mass addition 1 van Sliedregt, J.M. The feasibility of a deli-
due to DIAS is rather low, it was decided that no
flutter analysis was required. very and impact analysis

system (DIAS), based on a
Air-raft performance. photogrammetric method.

NLR TR 77068 C (Confiden-

T) .itatlish the increase in drag number, perform- tial), June 1977.
•n - masirements were carried out and compared 2 van Eck, M.A.A., Evaluation of the delivery

.- r, measurements executed during flights with the Hofman, C.F.G.M., and impact analysis system
. rmal -nterline pylon. Nieuwpoort, A.M.H. (DIAS) with the NF-5A test

4 71;, r-s,,Its of the tests showed that the effect of aircraft K-3001 of RNLAF.
'!., IA,' nose on aircraft performance is quanti- NLR TR 78083 C (Confiden-
f. .I iy an Increase of the basic configuration tial), June 1978.
Ir-w -imti r i) with S counts which is negigible. 3 Hollestelle, P.M.N., The NF-5A K-3001 test air-

Alders, 0.J. craft.
NLR Memorandum VV-77-017 L

,.oaxigo in geometry of the centerline pylon (Limited), April 1977.
,aff-' the air loads acting on captive stores. 4 Fletcher, R., Function minimization by
' hehaviour of these stores during s-para- Reeves, C.M. conjugate gradients.

r, may .,p affected. To evaluate the magnitude of Computer journal 1964 vol.
t , -hange measurements were carried out using the 7(2) pp. 149-154.
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5 IBM System/360 scientific sub-
routine package (360A-CM-
03X), version III.
Programers manual (page
225-228).
Publication number
H20-0205-3.

6 van Eck, M.A.A. Theoretical background of
the Delivery and Impact
Analysis System (IAS) (to be
published) (Unclassified).

7 Anon. EO-05-NF-5A-1, Aircraft
Operating Instructions.
Revised 23-V-1978.

8 Alders, G.J. In-flight measurement of
aerodynamic loads on cap-
tive stores. Description
of the measurement equip-
ment and comparison of
results with data from
other sources.
NLR MP 77028 U (Unclassi-
fied), September 1977.

9 Alders, 3.J., Separation of empty and
Rijzebol, K.R. partially full external

fuel tanks from NF-') air-
craft at high airspeeds.
NLR TR 78065 C (Restrict-
ed), May 1978.
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SUMMARY OF SESSION I - NAVIGATION/ATTACK SYSTEMS TESTING

The seven papers presented in the area of "Navigation/Attack Systems Testing" seer.ied to
indicate that, from a pure test standpoint, the current navigation testing procedures
are well defined and aided by modern measurement and recording equipment. Themes, and
questions, indicated that if anything remains it is the need to pre-plan complementary
ground-based simulations prior to flight testing, and interest still exists in failure
aspects during testing and redundancy concepts.

In respect to attack system testing, a clear trend of analytical models to he!- locate
system problems, or reduce testing costs for scoring students during training, ,'-merged.
The analytical tie included both off-line computations and ground-based simulator work
to expand thp overall data base and validate the analytical methods. Questions here
were directed at the details of the more advanced systems (e.g., terrain-following per-
formance, specific display formats, etc.) rather than test methods per se.

May be it would have been better to have had a lead paper like the seventh paper which
gives at the same time a general view and enough details about the subject to prepare
the audience for the other papers.

In all, it was a good session with quite adequate audience participation. The attack
system testing aspects appear to be only the tip of the iceberg in terms of the many
sophisticated systems just coming into being. For both systems the need for a "global"
view of them was emphasized, i.e., treat them as part of the total system rather than
isolated sub-systems.

p:*

I

.4 • |m
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AIR-TO-AIR GUNNERY SYSTEMS TEST AND EVALUATION

by
John A. Wiles

U.S. Air Force Flight Test Center/SES

Edwards AFB, CA 93523

U.S.A.

SUMMRY

In the past few decades, the test and evaluation of aircraft guns and gunsights has
been generally qualitative. In 1978, several years of effort at the Air Force Flight Test
Center (AFFTC), Edwards Air Force Base, California, culminated in the development of a
flight test system for air-to-air gunnery evaluation. The system is theoretically capable
of evaluating any gunnery system installed on an instrumented aircraft. It was developed
and tested using a icorable tow target system, an analysis software package, and three
independent flight evaluations of current fighter aircraft. Use of this flight test
system over a two-year period led to the preliminary conclusion that the combination of
ballistic prediction software and tow targets with miss distance measurement capability can
provide analysis results accurate to within three milliradians (reference 9-1, 9-2, 9-3).
The system has operational test and evaluation application as well as use for developmental
testing.

INTRODUCTION

The flight test system for air-to-air gunnery evaluation now in use at the AFFTC is
composed of hardware, software, and test procedures. The hardware consists of aircraft
flight test instrumentation, time code generators, film/video recorders, and airborne
tar(;ets for both live and dry firing tests. The software consists of a series of computer
programs for the following: (a) reading target position and gunsight parameters from film
or video data, (b) reading aircraft/fire control parameters from instrumentation tape,
(c) calculating trajectory data and probability of hit, PH, and (d) printing/plotting the
results. The procedures consist of ground test and harmonization, tracer line matching,
air-to-ground validation firing, and envelope determination/expansion tests. This paper
will cover each of these areas in sufficient detail so that an armament engineer can use
the method. It will, however, be general enough for modification to accommodate the
hardware and software available.

The paper begins with a short review of the gunnery lead angle problem and the gun-
sight types currently in use. The test equipment is then discussed. The methodology is
presented in the step-by-step manner used to facilitate an orderly conduct of the flight
test program. Finally, the methods of data analy.'sis are outlined and sample results given.

BACI(GROUND

Before the subject of gunnery test and evaluation is discussed, a review of the
fire control problem is presented for the reader. The development of the lead angle equa-
tion is neither didactic nor rigorous. It is presented only to familiarize the reader
with the author's use of terms.

Lead Angle Computation

The problem of aiming the gun in air-to-air combat is somewhat more complicated than
in air-to-ground strafe. Not only is the firing aircraft (called the shooter or fighter)
generally maneuvering under high g and high q (dynamic pressure) conditions, the target is
maneuvering to avoid being fired upon. Therefore, the fighter pilot must consider his own
maneuver as well as that of the target when attempting to aim the gun. Three factors are
of primary importance when determining the lead angle required for correct gun aiming:
time of flight (TO) of the bullet from the gun to the target, line of sight (LOS) rate of
the target with respect to the gun muzzle, and gravity drop.

'rime of flight can be calculated by integrating the bullet state vector from the time
of firing until the bullet reaches the target. Target motion must, of course, be calcu-
lated. The integration is complex and time consuming. Therefore, time of flight is gen-
erally estimated based upor. range to the target, range rate, fighter velocity, muzzle
velocity of the gun and a simplified drag model of the bullet. The lead angle, X (lambda),
required for correct gun aiming is shown in Figure 9-1, In order to correctly aim the gun,
the fighter pilot must predict where the target will be one time-of-flight later. If
the gun is fired at an angle, ), in front of the target, collision between the bullet and
target will occur in one time-of-flight. If target motion is constant, the lead angle can
be approximated by dividing the range (P) into the distance traveled by the target
[velocity (VT) *TOF1:

V * TnF

T (9-1)
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But the target velocity is generally unknown. LOS rate (wT) can, however, be estimated
on board the fighter. We know that:

VT
= 

(9-2)

Thus, A ( T * TOF (9-3)

Under tracking conditions, wT can be approximated by the pitch rate of the fighter and
used in the calculation of A. This is the simplest form of the lead angle equation.
All other terms are for the improved accuracy of implementing this equation and presenting
it to the pilot. In addition to correct lead angle, the pilot may need an estimate of
gravity drop, especially for longer firing ranges. To illustrate, the gravity drop at a
range of 300 meters (m) (TOF = .35 seconds) is only about .6m, or 2 mils. Gun dispersion
would easily make up for this minor error. At 750m (TOF = 1 second), gravity drop is 5m,
or 6.5 mils. Even perfect aiming on a fighter-size target could result in a complete miss.
Gravity drop in mils is approximated by the expression:

Drop = 9.8 * (TOE) 2 x 1000 (9-4)
2 * Range

Again time-of-flight becomes important. There is one further complication in displaying
the lead angle and drop to the pilot: his own orientation. In air-to-air combat, the
pilot does not know which way is up in the world around him, only in relationship to his
moving reference - his fighter. Thus, the lead angle required (which is determined in
inertial space) and gravity drop (which is determined relative to the real "down") must
be summed vectorially, transformed into the aircraft coordinate system (through the Euler
angles), translated to the Head Up Display (111D) which is not at the same point on the
fighter as the angle sensor unit, and finally converted into HUD coordinates for display.
This simple development neglects gun and HTID orientation with respect to the airframe,
angle of attack, sideslin, bullet tin off, g'ro precession, jump, swerve, gun location,
and a multitude of errors.

Lead Computing Optical Sight (LCnS)

The LCOS is the simplest means of imolementing the calculation and display of the
lead angle required for correct gun aiming. The basic components of an LCOS are a two-
degree-of-freedom gyroscope and a small computer (analog or digital). The underlying
assumption in the LCOS equation derivation is that the fighter will be using smooth, con-
stant body rates (in particular, pitch rate, qb1 to track the target. Tracking is an
attempt by the fighter pilot to reduce the relative LOS rate of the target to zero. In
other words, the WT of the target is exchanged for q4 As the fighter turns, the qyro
produces torque proportional to the turning rate (q,.7 precession law). This rate can
then be multiplied by TOF in the computer and the resulting angle displayed to the pilot.

If the relative LOS rate is not zero and/or the body rate is not constant, the gun-
sight is not "settled". The pioper does not, therefore, indicate the predicted impact
point of the bullet. (In reality, the impact noint would be on a plane normal to the
line of sight at a distance equal to the range to the target.) An LCOS, however, has the
characteristic of always moving toward the settled, or perfect, solution. The pipper
position and velocity are such that the bullet will arrive at target range at the same
relative point as the pipper projection after one time-of-flight. Ir other words, under
smooth (not necessarily tracking or constant) flight conditions, the pipper rhows where a
bullet fired one time-of-flight earlier would be relative to the target, at target range.

Director Sight

The director siqht is considerably more complex. The target is tracked by a sensor
device on the fighter, generally a radar. From the sensor mea-,uremonts, relative tarciot
motion is computed. From on-hoard meaurpment unit-, the fiqhter motion i7 comeuted. BR
vector addition, absolute (inertial) target motion is calculated. Now, throdgh ballistic
calculations, TOP can be determined and the predicted position of the bullet at target
range can be computed. The motion of the fighter and target can be predicted by inte-
grating current target motion for one TOF. The future relative position of the bullet is
displayed as the pipper. Thus the pipper represents the point at target range through
which a bullet fired now will pass one TOP from now (relative to where the target will be
at the same time). The pilot must only superimpose the pipper on the target and fire.

- In order to predict the target position in one TOP, the assumption must be that the
target st te vector does not change during that time. If the computer uses a linear pre-
dictor (velocities only), this assumption can result in errors when firing at longer
ranges and under dynamic conditions. Relative velocities can change rapidly in a dog-
fight environment. Preferably, a second order predictor will be used. Accuracy should
be higher because it is more unlikely that relative acceleration- will change drastically



during one TOF. Even this, however, is becoming more likely. Therefore, the future
may call for third order predictors. The problem with higher order predictions is the
increased computer capability (memory and speed) required. A second order prediction
takes approximately four times the computer capability as a linear prediction; a third
order may take as much as nine times as much capability. As a compromise, second order
approximations are sometimes used, although the improvement with third order can be
significant.

iistoric Tracer ("Hotline")

The historic tracer, or "hotline", gunsight displays a simulation of the stream of
bullets to the pilot. No target position information is required for the calculations.
rvery point on the "hotline" represents the relative position of a bullet fired one TOF
ago. The historic tracer is implemented by integrating the ballistic equations and
fighter motion simultaneously. The pilot maneuvers the fighter such that the "hotline"
falls across the target. One disadvantage of this siqht is that the fighter pilot does
not know which portion of the "hotline" to place on the target. Thus, the advantage of
no target information recuired carries a serious disadvantage. This can be overcome, to
some extent, by the range-to-target input being displayed on the "hotline". The pilot
still must estimate relative target motion in order for the solution to corns together at
the appropriate time, one 'IOF after trigger snueeze.

TEST TOOLS

The tools of the trade for the air-to-air gunnery test and evaluation engineer are
many and varied. The primary tools are aircraft instrumentation, target instrumentation,
event recorders, analysis software, and flight folder. Ground instrumentation will not
be discussed here because it is not often used. Generally speaking, ground-based radar
and phototheodolite operators do not like aircraft firing guns over their heads.

Aircraft Instrumentation

Instrumentation on the aircraft generally includes measurement and recording devices
for time, airborne radar parameters, aircraft fliqht parameters, and aircraft state vec-
tor parameters.

Time is provided by a time code generator, synchronized before flight with IRIG
standard time. This time is recorded simultaneously with all instrumentation parameters
so that correlation of events can take nlace. Time is normally recorded in Greenwich
!4ean Time and contains computer words for Julian date, hours, minutes, seconds, and
milliseconds. Accuracy is very good (+2 msec).

Airborne radar parameters are nrovided by tapping the electrical signals in the fire
control computer and recording them on tane. Althouah many parameters are available,
target range and radar look angles are considered mandatory. With these parameters, the
relative target position can be determined. By dif~erentiatino these parameters, rela-
tive target velocity (and acceleration, if necessary) can be calculated. The accuracy
of radar range is on the order of lOm and is one of the severest limitations on gunnery
analysis. Angle accuracies are in the range of 25-50 milliradians. If the radar is the
only source of target position, analysis of the results is difficult. At 600m, for
example, the radar position may have an uncertainty of 15m; the gun dispersion will have
a radius of only 2m. Perfect shootinq by the pilot ma" look to the analyst like a com-
plete miss.

Aircraft flight parameters are considered to be those measured with the pitot-static
system and relative air flow vanes. Parameters like airspeed, altitude, Mach number,
outside air temperature, angle of attack, and sidrclip angle are the primary flight
measurements. Required for analysis are true airspeed, density altitude, and angle of
attack. Although sideslip is not always available, it is very important; its effect is
a three mil bullet error for a .02 radian sideslin error. The accuracy requirements
for airspeed and altitude are not stringent. Angle of attack errors can, however, be
significant and the measurement should be accurate to within .005 radians. This accuracy
is often difficult to achieve, but should be used as a goal.

The aircraft state vector as used here is its position, velocity, and angular
5 orientation in inertial space. These parameters are generally available within the

inertial navigation system (TN!) . The heart of the I'BS is a gyro/accelerometer unit
which measures pitch, roll, heading, and three-axis accelerations ('4-S, F-W, vertical).
From these measurements, the INS computes nosition, velocity, and angular rates in iner-
tial space. These parameters can also be tapped and recorded in flight. The required
easurements for qunnery analysis are pitch, roll, true heading, and acceleration in the
aircraft vertical axis. In the case of director sight analysis, fighter velocities and
accelerations in all axes must be known. Generally the accuracies available from a
standard INS are adequate for analysis, if the INS is functioning properly.

An on-board recorder is generally installed in the test aircraft to signal con-
dition all of these inputs (plus a trigger-on signal) and record then on magnetic tape
for postfli ht processing.
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Target Instrumentation

In comparison to fire control technology, target instrumentation lacks sophistication.
The primary purpose of a target is to provide an aiming point for test measurement pur-
poses and an indication of the success of a firing pass. The best that can be expected
with any reliability these days is the number of bullets passinq within a certain dis-
tance of the target. There are two types of targets, scorable and non-scorable. Since
gunnery targets are currently limited to the towed variety, this discussion will be
similarly limited.

A scorable target widely used at this time is the Secapem 90/B with SFENA MAE-15
scorer. The Secapem is an acoustical target system. The strength of the shock wave of
the passing bullet can be translated into approximate miss distance. 'lore discussion
of this calculation is contained in the Data Reduction/Analysis section of this paper.
Other targets/scorers may be forthcoming in the future. The system nearest to being
operational uses doppler radar scoring. Miss distance can be estimated by counting the
number of doppler standing waves penetrated by the bul'et. What is needed is a scor-
ing system (not necessarily on a tow target) which wil- provide a time history of the
state vector of each bullet fired. For now, the scoraLle targets are used to confirm the
validity of the analysis software and to give physical results to those who distrust
software.

Among the non-scorable targets are the training target: : darts, Fi(2ATs, and banners.
There are those who say these can be scored. If so, the scoring is, in general, extremely
inaccurate. These tarqets are only valid for hit/no-hit operations analyses, not for
systems error analysis. The advantaqes of these targets are large size or relatively
low cost.

Event Recorders

Test event recorders irclude Hun video and/or gun camra's. Tho paramters availa11le
from this data source range from relative air error and triioor-nn signal all the .zay to
a full set of analysis data including score. Primaril,: the vidleo or film is used to
record pipper position, target nosition, and triqer-on time (event). The various
measurements made from the film are placed on computer cards for use durino analysis.
The trigger signal is used to time-correlate the filr or video frames with corresponding
data samples on the instrumentation tape. The accurac, of this corr-lation may not be
good (sometimes +50 msec) and is another severe constraint to the analyst, especially
during non-tracking shots.

Using film or video, the angular rposition of the target (relative to the fighter)
can be determined very accurately, on the order of l-2m. This method reduces the
uncertainties of 15m available from radar.

Currently, film provides better resolution and greater accuracy. In the future, as
video improves, more video will be recorded and used for gunnery analysis.

Analysis Software

The primary software tool used by the AFFTC anal-sts at present is the Air-to-Air
Gunnery Assessment ".ystem (ATAOAS) . This system reads the film cards and instrumentation
data tape, fires theoretical bullets while the actual triqor is on, and determines the
expected number of rounds which will impact within a certain target size. The results
are produced in taliular form and plots. ATAGAS has not been completely verified, but
has been used with a fair amount of success on several aerial gunnery projects. Once
ATAGAS is shown to he working on a given project, the results can be used to provide
inputs to various statistical routines to determine errors: biases, dispersion, and CEP.

A further discussion of software is contained in the Data Reduction/Analysis section.

Flight Folder

d The last tool to be mentioned is probably the most vital: the flight folder. The
aerial gunnery fliqht folder is the single place for all information gathered during
pre-flight briefing, test conduct, quick-look data reduction, post-flight data reduction,
and final data analysis. The aerial gunnery flight folder should contain, at a minimum:

Flight card (used by the pilot during flight)

Fliaht test engineer's notes

Test pilot's notes
Target scores/rounds fired
•Event numbers/times
Miss distance output
ATAGAS input/output
All analysis notes, thoughts, reflections, and results

Although the flight folder may seem like an unnecesary administrative burden, it is an
invaluable asset.
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TEST METHIODS

N~ow that the tools are ready to use, the test may proceed. Like many tests, air-to-
air gunnery testing is conducted bv starting with the simplest task and working toward the
most complex. Basically, a properly conducted aerial gunnery test will contain ground
tests, niqht/dusk tracer firings, air-ground validation, dry-fire flights, live firing
flights, and qunnery envelope expansion flight,;.

G;round Test

Ground testing starts with an accurate wet beresight of the- gun installed in the
test airpilane. The procedure for wet beresight is generally contained in aircraft manuals
and technical orders or local ouerating instructions. Befoe boresight adjustments are
made, the gun should be fired for 200-300 rounds to assure proper functioning and mount
setting. Allow for at least three days to conduct this oneration. It should not be
hurried. Assure that the aircraft jack-, are tightened down and do not slip. The alian-
mont of the aircraft with the target is an iterative nrocess. once the alignment is
close to that reguiired, it is easier to move the aircraft than the target stand. Roll
angle should be as close to zero as possiblo. Small deviations in lateral or vertical
alignment, hoever, can b~e accounted for. Yverv attomnt should be made to align the gun
to within 1/2 mil of the correct noint.

During the conduct of the final rhases of ground testing, actual film and instrumen-
tation data should bie ruin to assure that the nrocessing will be smooth and that all data
will be availale for reduction. In addition, the data can be checked against the anal-
vsis software for impact verification. Bullet dispersion can be measured during wet
borosiqht.

If the aircraft instrumentation is suich that measured inputs can be simulated, an
r end-to-end calibration should be attempted in order to determine the biAses and statis-

tical precision of the measurements. With this information, sensitivity. stuidie s of the
analysis software can be made. Other tests should1 be condiucted to measure delay times in
triclper-en) signals, event liqhts, gunfire voltage, etc.

A windscreen rnaral lax test shouild ic condutedor on all no,.,: stems. 'tenengineers
can work withi the armament engineers to ouanti fv the error beotween tartlet and piner
position as viewed Ivy the pilot versus the posi tion as: recordled I)- the ItO film or video.
If the canopy' or windscreen. i~s curved, correc- inns for canonn di Stortior. can also I-e
measured by noting di fforcnc-ers in nitgpen posi tion v an:d ithout canopy xindscreen in
Place.

'licght Tracer Fiinn

"1next test is use01 to, confirmm the, a irritfl icral11ax ccnstants and otheor software
in*luts. The tent is to fire. tracer bulllets w U hi'!" ccnurlst7 I ichti i, con i tiens- (dusk,
or lateor) , te see if the ann lvsi S seftonare an.'/or tli oti-7l,c ht aurtl edot the
* uIll.t ')-Ith on Icr ae'rlsl "llht: -ill0ss -" p', sfta. (1:rovic"'-'a '-ilt
S;t no "% i ilh -Pi1? ma litoP the- -ctial 1 1iltt ; as, r.-c re'.? or iiun c-are ra f ilmr. 'he, t-racer
fii 1 line shoula also coincidle -.-;i th a hot] i rnon '' if incorn)oratedi and ./or "a:,s

th nounh an TCdb; ;inne,(r, if incornorated . "'is~ too- le no- acrounrt for range errors,
1ut Should indicate ic there are :,s a errors; or data errors, or if the( analysis, sft-

~reor ircaf on (110ceot ttsare in erro. maoors 7norformod iiirioni this

tt sho-ciluldi ircluoe -'-d- tlrns' , -Irre1 rells, roll I oosss Iud' doublet", ancl
pitchi dniul lets,. both thie ounenht and the' anal '1'siq ! ;ntfrwir shooil,! rroPCt- the Lu let

'toto sm thn .'-I oils.

(third t'--,t is '()r anal . is o;ft-are cic~c. :t~' c--0::'aa''dfor
r1oan- iro'act p)oint corpai snsq with the r-orrr otnr -n'o it (-(eo finer e to
!,.,I lhl. lonor than normval to al11ow. for notn f c n m ar-ra !1:- 7.eert 1.1Te

anlalysis ;oft-'ro shoutld 1,e nile to -;ttoltical ''. ll-d t",O' r-:1- ~cc .nstrate ruin.
-if,,'- wi t' a fixed1, mnanuallv terese !'noer i.s accec t a! 1P.

Or all lltelirin irv tes.tf are arcon" he 1  a fteo Pt'' IrT- t-;s tI j-:hts should b e
oonMi'icotO under ro'lat iveI'' coot no led, ronn:ii oc. 'The' t'-cs-; :1m cdce]wt

* -holitotiodo Iito coverane oif I eth the, ta (let an,! t!,rsloote . c alircraft sol
insf-rooeiptoi, if poscil Ic. arIcaesfrom 1ih0 h '!lanroe fli ict testcot

,ll(l~ b rcorpi I ; one'? i',late olF i no n '(1(1Ptale ;, 1C: -siuae tri'lle Ior
(t':er event indica'-or) should! be reo,rded, or, inlottr'ntatlon e,'-, IIn, IMI( tranq-
7lttOd. to a -irolund it,'io for time- 'orea-jn 'liut ,c,] be rehda t scuild~

tfor i live firinq. ,n,1,i t inrn, toro 100tthoo o aaxlol 1 reduce to enale
upi~tondr 1 nrift sodl fire co(ntrol nor-Itor ra''a' o~ eetlnl.'a.ttngo is

-I 'rt? -a? parame~ter. AT)% iileS(etermine' ill toli' tC';t Oh )0ll be clttodi in the
Ii lltu'. It~-i not coslIo, the orc ion" rot I- madeo to the aInalys-is' soft-

'-'In' o;l that it ma''I '' llm'- ' ielo 1te ' r S - "
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Live Firing

When all preliminary tests have been completed, live firing can be accomplished.
Everything has to work properly for a successful mission: the target has to work, the
gun has to fire, the film and data must run, the film and data must be readable, and
the pilot must know what to do. Each test point should have been practiced on previous
missions. Each item of test equipment should have been double checked.

The test should be conducted in an approved aerial gunnery complex. The aircraft
towing the target will clear the range, deploy the tarqet, and set up the appropriate
flight pattern for the firings. The most common patterns are Racetrack (Figure 9-2),
Figure-Eight (Figure 9-3), Butterfly (Figure 9-4), and Combat Dart (Figure 9-5). Sometimes
special patterns are designed to fly a certain difficult test condition with a high degree
of repeatability.

Planning for a live firing test must include considerations of bullet impact area,
sun angle (not in the pilot's eyes or reflecting off the HUD), time available for track-
ing, pilot experience, and many other things. Generally, a test program is planned to
begin with easy test points: medium to short range, low angle-off (or aspect angle), low
closure rates, and 1 1/2 - 2 g's. Fven if the pilot never gets the pipper near the tar-
get, the data can still be used. Or, if the pilot destroys the target, the data should
provide system validation. And the rest of the flight can be used for practice. Depend-
ing on the test objectives, several flights with differing conditions will be needed.
Low angle-off firings are relatively simple to set up; high angle-off shots will take some
practice. Under relatively benign conditions, tracking is usually possible and the pilot
can open fire whenever he is satisfied with the pipper placement. Under more dynamic
conditions, everything is hampening faster. The pilot must estimate target relative
motion and anticipate an open-fire situation. The most common error made in high angle-
off shots is firing too late. For example, a 1200m open fire range on a 300m/sec target
requires a total lead angle of over 280 mils at 90 degrees anale off. In most aircraft,
the pilot cannot even see the target under these conditions. The primary purposes of
the live fire phase of testing are to validate the analy.,sis software by obtaining results
similar to the target score and to give those who distrust software a warm feeling. All
data should be reduced. Passes where known data problems exist may be discarded during
analysis.

Again some cautions for the engineer: in the early phases of testing, brief the pilot
to put the pipper on the target until you and he/she are convinced that the gunsight is in
error. Then small incremental pipper offsets should be made until hits are scored. This
will allow a logical analysis of systems errors without providing false preliminary infor-
mation. This analysis should be orderly. The gunsiqht software should not be changed
until the analysis is complete.

Envelope Expansion

After the analysis software has been verified, many dry firing passes may be made to
generate measures of system capability: hit nrobability envelopes may be constructed;
system error versus flight condition r'lotted; prohablo error determined for non-
cooperative, fiQ1tter-sizod tareeots; and qualitative system evaluation nerformed without
the iazards of live firing. All these results can be provided using the analysis software.

DrATA R;DUCTION/ANALY IS

Analysis of aerial gunnery data renuires an understanding of the qunsight, the target,
the gun and ammunition, the fighter dynamics, the instrumentation, the tactics and
scenario, the pilot, the gun camera, and t1- - 'tware.

Fvunt Data

Film reading or video reading is the measurement techni-ae usually employed when
dotermininu tarqet/piper angular relationshius. Some fixed reference noint (usually
a gun cross) is chosen as the zero in both a7imuth ancd el(:vation. This; oint must not
move in the aircraft reference frame and must be visible in every frame. Also chosen is
some fixed size ohiect of known milliradian dimension, such is the reticle. The measure-
ment process is ready to besin. The first step' is to determine the size of the fixed
object in reader units, or counts. For example, the rnmber o' counts from the left side
of tho reticle to the right side may ben measured as 1430 counts. We may know that the
reticlo is 50 mils acrosq. Therefore, the scale factor is 1430 * 50 = 28.6 counts per
I ril. This is assumed true throughout the film frame and for the entire flight.

When the location of the item of interest is to ,- measured, the rea6er crosshairs
are placed on the zero reference point, arid the counters set to zero. The crosshairs
,ro then rr,ved tr, the item of interest (piiper, target, lagline, etc) and tie new counts
noted (uul Il punched on conl or cards) . If the zero reforen- point were the gun
cross ind t.ie readinis to the :,iror were azimuth 11)0( and elevation -3000, the con-
version factor could ie irvuled ind the actual location of the r)ipi)er relativi to the
;un cross coil d be rompuited is 37 mils riuiht, 105 down.
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The measurements themselves are normally made by technicians, not the armament engine-
er. The film given to them must, therefore, be accompanied by a complete description of
what frames are to be read, what is to be measured, and what format is required for the
output information. All these things are preplanned by the analyst when he/she previews
the gun camera film.

Target Scoring Data

One target system currently available which provides bullet miss distance is the
Secapem. A discussion of the scoring mechanism and the miss distance method is contained
in AFFTC-TR-78-26, Secapem 90/B and SFENA MAF-15 Target System Evaluation (Reference 9-3).
The method described in the referenced report is summarized in Appendix 9-A. A computer
program can easily be written to reduce Secapem data. The input file should contain
target speed, altitude, and the measurement of shock wave strength transmitted from the
target. The measured strength of each shock wave can be converted into miss distance,
using the method contained in the Secapem report and printed out. Some statistics can also
be computed and printed for each pass.

Analysis Software

The heart of aerial gunnery analysis is a software system currently known as ATAGAS.
Basically ATAGAS takes the fighter conditions at trigger on and fires a theoretical
bullet. After one time of flight, it compares the computed position of the bullet with
the present position of the target. Various tabulations, plots, and statistics are
available as output. ATAGAS is described in its own documentation (Reference 9-4).

The inputs consist of film/video from a reader and an instrumentation tape of onboard
data. The tabulated outputs available include all the inputs; theoretical bullet
positions; single-shot probabilities of hit; angle-off; and various target-pipper, target-
bullet, and pipper-bullet relationships. The output format is extremely flexible and
can be easily changed to suit the analyst. The computer plots consist of any combination
of the variables above plotted against time, or cross-plotted against each other. These
are also readily changed by the analyst.

The most useful outputs are the flight conditions of the fighter, relative target
conditions, aiming errors, and bullet positions. Only aiming error and theoretical
bullet position make helpful plots. If there are serious gunsight or data problems, all
varieties of printed and plotted outputs are available to aid in the discovery of anoma-
lies. Generally, the assistance of a computer programmer familiar with ATAGAS will be
needed to obtain other data items.

A final piece of output data, which is very useful, is the expected result, or PH"
This is generally composed of the number of expected rounds fired and the number of
expected hits within a certain size target. Although the discussion here was based on
the use of ATAGAS, any general purpose ballistic simulation would suffice so long as the
input formats were compatible with the instrumentation and the output format were usable
by the analyst doing the evaluation.

Gunsight Simulation

A very useful tool in gunsight error analysis is a simulation of the actual sight
algorithm and/or of a "perfect" sight of the same type. This is especially beneficial
in LCOS analysis. The gunsight algorithms are coded into FORTRAN and run with the
instrumentation data as input. These algorithms are run concurrently with ATAGAS. The
output is sight display commands (azimuth, elevation, TOF, etc). The theoretical aim-
point (the simulation) can be compared with the actual pipper position as recorded on
film for display errors or sight inadequacies (too many assumptions, approximations,
etc).

Error Analysis

In air-ground accuracy analysis, many measures of merit are available. Onboard
measurements can be compared to ground based data. The position of the target is sur-
veyed. The actual impact of the weapon is surveyed. Aerial gunnery accuracy analysis is
somewhat more subjective and less well-defined. In fact, sometimes it is only an educated
guess.

There are primarily three errors: total, aiming, and system. Total error is defined
as how far the bullet missed the target. This is the bottom line, the actual measure of

Isuccess. It is mathematically defined as:

E - BP - +P (9-5)

where the arrow refers to the vector quantity and TE is total error, BP is the bullet
position, and TP is the target position (see Figure 9-6). All variables must be in the same
reference system (generally IIUD coordinates) and must be specified at the same time:
bullet arrival time. Total error is not necessarily the larqest error. The bullet
position out of ATAGAS is assumed to be mathematically correct. Before this assumption
can be made, however, the ATAGAS deck set-up for the specific test vehicle must be veri-
fied by flight test points. This verification is discussed in a later paragraph.
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Aiming error is simply defined as how far the pipper was from the desired aimpoint.
The error may be due to intentional offset to achieve better results; it may result from
a lack of pilot skill; or it may exist because the pipper is too difficult to track with,
perhaps due to mechanization. Aiming error is mathematically defined as:

AE - PP - TP (9-6)

where AE is aiming error, PP is pipper position, and TP is target position (see Figure 9-6).
Again, all variables must be in the same reference system and specified at the same time:
bullet firing time. This error can be determined directly from the film.

System error is defined as how far the bullet missed the point that the nipper indi-
cated that it would hit. This error is a combination of errors in the on-board sensors,
errors in the algorithms and/or calculations, and display/presentation errors. System
error is mathematically defined as:

g BP - PP = 'rr - Ar(9-7)

where SE is system error and the other symbols are as before (see Figure 9-6). The vari-
ables in this instance may be in different coordinate systems and certainly are at diff-
erent time. Thus the bullet position generally must be converted back into the firing
reference frame to compare it with the pipper at bullet firing.

If it is possible to measure any of the subsystem errors, they can be vectorially
removed from the system error. For example, if a flight computer printout shows
commanded pipper position, the difference between this position and the pipper position
read from the film would be display error. Any difference between commanded pipper
position and the position calculated by the equivalent ground simulation would be a
mechanization error. Differences between ground simulations and "perfect* gunsight
algorithms should be considered as sight implementation errors: the errors due to approxi-
mations and assumptions.

As many of the above errors as are measurable should be determined for every valid
gunnery pass. In fact, these data points may be taken for each data sample during a
pass (usually 20 per second). The only restriction is that the measurements be taken
when the pilot have the intent to fire (trigger on indication). During a 50 round - 20m
burst, for example, there will be approximately twelve sets of error measures.

Statistical Analysis

Individual error data points do not have as much meaning as do several points prop-
erly combined. Likewise, individual error measures cannot be meaningful unless all are
present. One exception is total error. If a system error is such that a pilot can com-
pensate empirically by offsetting his aim, the siqht may still be usable.

Ordinarily, several data points are lumped together in major categories and statis-
tical analysis is performed. The categories of firing range, range rate, target g, and
aspect angle are the most meaningful. A representative group of firing parameters may
be picked. For example:

Range = 600m (+60m)
Range Rate = 75m/seF (+15m/sec)
Target g - 30m/sec/sgc (+5m/sec/sec)
Aspect Angle - 25 deg (+5 deg)

Assume there are eight valid passes within these parameters, each having twelve data
points. There would be a set of data like this:

TE AF SE
Pass/Bullet az/el az/el az/el

01/01 +2.4/-5.0 -1.8/-3.2 +4.2/-1.8

01/02 +2.0/-4.8 -1.4/-2.7 +3.4/-2.1

4

08/12 -7.2/+1.8 -11.8/+4.6 +4.6/-2.8

The mean error and standard deviation for both azimuth and elevation could be calculated
for each error type. Means and standard deviations for total error give a measure of the
overall effectiveness in putting bullets on target. Aiming error statistics indicate
ease of tracking;. System error indicates accuracy of the sight itself. Circular error
probable (CEP) can be calculated from the standard deviation. Total CEP and system CEP
can be meaningful numbers to operations analysts and contract monitors. Since the com-
bined sample is large (96), the confidence in the results is reasonably high.



9.9

During an earlier section, there was discussion of sensitivity analysis. After a
result is determined, a certain confidence must accompany that result. One way to indi-
cate that confidence is with a one sigma uncertainty. For example, assume that the
system bias was calculated to be +7 mils in elevation and the root-sum-square of the
effects of instrumentation errors was 2.5 mile. There is therefore, a good chance that
the true value of bias could be as low as +5 mile or as high as +9 mils. Similarily,
if the total CEP were 15 mile, the true value may lie somewhere between 13 and 17 ails.

Also mentioned earlier was verification of ATAGAS. One good way to do this is by
comparison with physical evidence. The night tracer firing is an excellent source of
physical evidence. Another form of physical evidence is the Secapem target. A general

procedure which was successfully used for determining correlation between ATAGAS and
Secapem is as follows:

1. For each valid pass (all data good), compute the Seeapem percentage hits by
dividing the number of bullets within 5m by the actual number of rounds fired.

2. For the same passes, compute the ATAGAS probability of hitting a target with
a 5m radius by dividing the expected number of hits by the expected rounds
fired.

3. Each pass is now a data set: one ATAGAS percentage and one Secapem percentage.
Plot each data set og a graph to see if the data are good. Perfect data
would lie along a 45 line (see Figure 9-7). Calculate the correlation
coefficient. If x - Secapem score and y - ATAGAS score, then a least-squares
fit of the data sets, minimizing y, could be determined from the equations:

y - y - (x - ) (9-8)

M E (x- ) (y- )

E(x-x) (9-9)

where y is the estimated value and the bar over a variable represents the mean for the
set. The correlation coefficient, r, is then:

r •Lx-;)(y-) (9-10)0z(x-x) zz (y-y) I|

The nearer to unity this value is, the better the correlation. A statistical table of
"test for significance" can be consulted. It can be entered with r and the number of
samples to determine the likelihood of accidental agreement. If the agreement is good,
(hypothesis is valid) then ATAGAS can be used for all the error determinations indicated
above. If there is inadequate agreement, ATAGAS constants, data inputs, and time cor-
relation errors should be checked and corrected if possible. If no agreement can be
found, old-fashioned qualitative methods will have to be used. Another possible method
of data correlation is by comparing the hits scored by the target system to the prob-
ability distribution of expected hits from the analysis software.

SAMPLE RESULTS

Dusk Tracer

The verification of tracer fall line by comparison to ATAGAS output is a very simple,
but necessary process. Many facts can be discovered. The dusk tracer mission (usually
only one is required) can verify the instrumentation and data reduction compatibility,

*along with the correctness of the film reading procedure. This mission has the additional
benefit of assuring that all the test vehicle hardware is functioning properly. The data
are usually plotted in HUD coordinates for one instant in time: "hotline" (if available)
or LCOS, actual tracer rounds, and ATAGAS theoretical bullets (see Figure 9-8). Comparison
can be made between the actual bullets and the ATAGAS bullets to assure that the instru-
mentation and physical aircraft constants are correct. The actual bullets should be
within 2-3 mils of the theoretical bullets. The position of the actual bullets can be
compared to the "hotline" in the HUD. During a recent flight test program, a bad yaw
rate gyro was discovered with this phase of testing. A similar test is possible with an
LCOS. Under stable flight conditions, the actual bullets should appear to pass through
the LCOS pipper at some preset manual range or the default value for target range (with
no radar lock-on). Unless there were system errors, the above testing generally resulted
in agreement between ATAGAS and actual tracer rounds with a 1.8 milliradian standard
deviation. The figure is nearly identical to the standard deviation for 20mm gun
dispersion.

. . .. . . . . . . o _ m m " m | k i, -
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ATAGAS Accuracy

The accuracies and uncertainties in the ATAGAS solution (theoretical bullet position)
were studied separately. For normal flight test firing conditions, ATAGAS output errors
have a combined standard deviation of less than three mils (Reference 9-1, 9-2). The errors
in ATAGAS output are primarily due to instrumentation and timing correlation inaccuracies.
Results from these reports have been extracted and are contained in Appendices 9-B and 9-C.

Live Fire

* After a live fire mission, results include quick-look (target scores and qualita-
tive film assessment) and post-flight (miss distance, film reading, and ATAGAS). The
quick-look data can be used to provide a gross analysis of gunsight effectiveness. For
example, on a recent flight test mission, the first firing pass was made with the pipper
on the target - virtually perfect aiming - and yet the target registered no score. On
the next firing pass, the pilot placed the pipper approximately five meters behind the
target. The result was the scoring of 21 hits (out of 23 rounds fired). Since the
firing range was 670m, it appeared from quick-look data that there was an +8 mil bias in
the gunsight. Post-flight analysis using ATAGAS showed that the bias was +6 nils. The
advantage was that the quick-look data were available within 24 hours, whereas the more
accurate (and more complete) data were not available for five days. Post-flight data
reduction, although it does take longer, can provide the data analyst with significantly
more information. The results can be plotted against time on one graph to see trends
and to assure agreement (Figure 9-9). In this figure, one can see how all data sources
provide similar results when functioninq properly. Supporting data for this figure are
contained in Table 9-1.

Finally, the target data and ATACAS data have to be compared to assure that there
is, in fact, agreement between the two independent measurement sources. During the
early phases of testing with the methods described in this paper, 32 valid gunnery
passes were compared. What is meant here by a valid gunnery pass is one where all
instrumentation was performinq properly so that the data could be processed. The results
are shown in Figure 9-7. Supporting data are contained in Table 9-2. The results showed
a correlation coefficient of 0.75 with a significance of greater than 99%. Based on
this early result and the agreement between qualitative and analytical work on gunsight
accuracies, the methodology was pursued.

CONCLUSION

With the methods presented here, three air-to-air gunnery test programs were com-
pleted, evaluated, and documented. The techniques are continuing in use on two addi-
tional programs with two more ready to begin in the immediate future. The methods are
flexible. As new target systems become available, they can readily be used. As more
sophisticated software becomes available, it can take the place of ATAGAS. As a new
gunsight becomes available, one can determine how much better it really is (if it is).
Additionally, using these methods, all these improvements can be proof-tested while
they are in use, since the test methods cross-check themselves.

Qualitative assessment of aerial gunnery may still have its place as fighter pilots
brag to each other about their prowess. However, quantitative results, such as can be
obtained through these techniques, are mandatory for test and evaluation.
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APPENDIX 9-A

EXTRACT FROM REFERENCE 9-3

Miss Distance Determination

The data reduction method Ifor determining bullet miss distancel was derived using
technical information supplied by the manufacturer from French flight test (see
Figure 9-Al) * A nominal set of flight conditions was chosen to represent a baseline for
miss distance calculations. The conditions were 350 KIAS and 20,000 feet target airspeed
and mean sea level altitude, respectively. The miss distance vs. pulse duration curve was
approximated with an exponential:

Miss Distance = 6.465 x e (-.307 x Pulse Duration) (9-Al)

Empirical adjustments were made for altitude and airspeed variations from the
nominal. The resulting data reduction equation was:

Miss - 6.465 (e '307PD , r(0.5 - 0.lPD)(350-V) +

L(1.3 - 0.25PD)(20000 - ALT)1 (9-A2)[ 10000 J

where

Miss - miss distance in meters

PD - pulse duration in milliseconds

V - velocity in KIAS

ALT - pressure altitude in feet MSL

APPENDIX 9-B

EXTRACT FROM REFRENCE 9-1

Accuracy Assessment

Most effective fighter aerial combat bullet times of flight occur between 0.5 and
1.5 seconds. However, in the case of rear hemisphere firing (e.g., bomber defense), a
2 second time of flight is reasonable. In this light, the horizontal and vertical
angular differences between ATAGAS and Eglin 6DOF (six degree-of-freedom model derived
by the Air Force Armament Laboratory at Eglin AFB, Florida) trajectories were computed
for 0.5, 1.0, 1.5, and 2.0 seconds time of bullet flight. The following accuracy state-
ments of the ATAGAS ballistic model (TRACFR) can be made for the conditions evaluated:

a. 0.5 and 1.0 seconds time of flight accuracy assessments:

(1) ATAGAS was within .15 mil of Eglin 6DOF model in the horizontal plane at4 0.5 seconds time of flight (no angle of attack or sideslip).

(2) ATAGAS was within .25 mils of Eglin 6DOF model In the horizontal plane at., 1.0 seconds time of flight (no angle of attack or sideslip).

(3) For all practical purposes, ATAGAS matched the Eglin 6DOF model exactly in
the vertical plane at 0.5 and 1.0 seconds time of flight (no angle of
attack or sideslip).

(4) ATAGAS, at the worst, was within 0.8 mils of the Eglin 6DOF model in the
horizontal plane at 0.5 or 1.0 seconds time of flight when an initial angle
of attack or sideslip was other than zero. On the average, ATAGAS was with-
in 0.5 mils of the Eglin 6DOF model in the horizontal plane at 0.5 or 1.0
seconds.
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(5) ATAGAS, at the worst, was within 0.7 mile of the Eglin 6DOF model in the
verticaL plane at 0.5 or 1.0 seconds time of flight when an initial angle
of attack or sideslip was other than zero. On the average, ATAGAS was
within 0.5 mils of the Eglin 6DOF model in the vertical plane at 0.5 or
1.0 seconds.

(6) On the average, ATAGAS to Eglin 6DOF hozizontal angular difference was
less than 0.25 mils at 0.5 or 1.0 seconds time of flight for all the cases
examined. The average vertical angular difference was less than 0.15 mils
for all the cases examined at 0.5 or 1.0 seconds time of flight.

b. 1.5 and 2.0 seconds time of flight accuracy assessments:

(1) ATAGAS was within 0.5 mile of Eglin 6DOF model in the horizontal plane at
1.5 seconds time of flight (no angle of attack or sideslip).

(2) ATAGAS was within 0.6 mile of Eglin 6DOF model in the horizontal plane at
2.0 seconds time of flight (no angle of attack or sideslip).

(3) ATAGAS was within 1.0 mils of Eglin 6DOF model in the vertical plane at
1.5 or 2.0 seconds time of flight (no angle of attack or sideslip).

(4) ATAGAS, at the worst, was within 1.0 mils of Eglin 6DOF model in the hori-
zontal plane at 1.5 or 2.0 seconds time of flight when an initial angle
of attack or sideslip was other than zero. On the average, ATAGAS was
within 0.5 mils of Eglin 6DOF model in the horizontal plane.

(5) ATAGAS, at the worst, was within 0.75 mils of Eglin 6DOF model in the
vertical plane at 1.5 or 2.0 seconds time of flight when initial angle of
attack or sideslip was other than zero. On the average, ATAGAS was within
0.5 mils of Eglin 6DOF model in the vertical plane.

(6) On the averaqe, ATAGAS to Eglin 6DOF horizontal angular difference was less
than 0.40 mils at 1.5 or 2.0 seconds time of flight for all the cases
examined. The average vertical angular difference was less than 0.20 mils
for all the cases examined at 1.5 or 2.0 seconds time of flight.

APPENDIX 9-C

EXTRACT FROM REFERENCE 9-2

Estimate of Uncertainty

The errors found through parameter variation in this study were grouped by similarity
and fit with the following empirical relationships. The approximate mil errors are:

ERROR SOURCE la EFFECT (mils)

(1) Combined independent errors 1.6

(2) combined errors dependent on 2/3 x (Tf)
2

. time of flight (Tf)

(3) Target position errors 4/3 + [12 x (LOS rate)2

The errors above can be determined and combined for any flight condition to estimate
ATAGAS uncertainty.

For example, in a center-of-thft-envelope pass, typical of those flown at the AFFTC,
the ATAGAS uncertainty would have a one sigma value of apioximately 2 1/2 mils. With a
timing correlation error, the uncertainty miaht be greater. The uncertaintv could be
computed as follows:

Assume co-sneed, 750 fps, (230m/sec), medium altitude (20,nO0 ft) (6000m), target and
fighter range, 2000 ft (600m), angle-off, 20°; tracking shot. Therefore, LOS rate is
approximately .10 radians per second and Tf is 0.64 seconds.

ERROR APPROXIMATE 2
SOURCE CALCULATION la EFFECT (a)

1 -- 1.6 2.6

•2 2/3 x (.65) 2  0.3 0.1

¢'3 -\(4/3)1
2  

+ (12 x 0.)21.83.

TOTAL V5.9 2.4 5.9
J$
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TABLE 9-1

Data for Figure 9-9

ELAPSED RADIAL ERROR (mils) ELAPSED RADIAL ERROR (mils)
TIME(resec) PIPPER ATAGAS SECAPEM TIME(msec) PIPPER ATAGAS SECAPEM

0* 18.2 16.1 11.2 28 .. .. 5.5
2 -- -- 9.7 29 -- -- 6.2
5 16.1 11.7 10.4 30 5.7 7.2 6.3
7 -- -- 10.0 31 -- -- 10.0
8 -- -- 10.9 32 .... 5.3

10 14.0 10.0 -- 34 - -- 7.0
11 -- -- 11.2 35 8.5 8.1 --
12 .. .. 10.0 36 -- -- 10.1
14 -- -- 13.4 37 .. .. 15.1
15 11.1 8.7 9.8 38 .. .. 13.2
16 -- -- 11.0 39 -- -- 11.5
17 .. .. 9.0 40 11.4 10.9 10.3
18 .. .. 7.8 41 -- -- 13.7
19 -- -- 8.7 42 .. .. 14.9
20 7.4 7.8 9.0 43 .. .. 18.4
21 -- -- 7.4 44 -- -- 17.1
22 .... 6 .1 45 15.6 15 .3 --

23 -- -- 6.0 46 -- -- 16.5
25 6.3 7.3 6.3 47 -- -- 16.3
26 -- -- 5.9 50 20.0 17.4 19.7
27 .. .. 5.6

*Time - 0 represents trigger on.

TABLE 9-2

Data for Figure 9-7

TEST PERCENT HITS TEST PERCENT HITS
NUMBER SECPEYM A S NUMBER SECAPER ATAGAS

1 46 26 17 24 32
2 26 36 18 67 52
3 52 26 19 34 32
4 53 64 20 81 89
5 79 84 21 53 96
6 34 34 22 71 98
7 93 100 23 61 23
8 24 44 24 2 0
9 86 76 25 6 0
10 42 17 26 16 67

11 19 27 27 9 23
12 4 0 28 61 71
13 22 5 29 11 33
14 2 0 30 73 95
15 91 92 31 19 31

16 78 45 32 52 58

4e
j;

,.

I_
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GUN HARMONISATION USING THE SECTOR ACOUSTIC MISS DISTANCE INDICATOR

T. W. Chubb

Instrumentation and Trials Department,
Royal Aircraft Establishment,

Farnborough, Hampshire, England

SUMMARY

The Sector Acoustic Miss Distance Indicator fitted to the Rushton towed target was
developed to meet the requirements of air-to-air gun harmonisation trials. This paper
discribes the operating principles and indicates the performance limitations which deter-
mine the accuracy in both range measurement and quadrant determination. The application
to air-to-air gun harmonisation trials using this target system is described.

1 INTRODUCTION

Any new combination of aircraft, gun and gun-sight must be tested to prove that the
shells from the gun do indeed hit a target indicated by the gun-sight. This test must be
performed under all the various conditions of aircraft manoeuvre that will arise during
practical attacks. A system is required therefore where the indication of the gun-sight
may be compared with the trajectory of the shells and corrective action taken to harmonise
the gun-sight to the gun.

The Sector Acoustic Miss Distance Indicator, fitted to the Rushton towed target was
developed to meet this requirement and this paper describes that system and its applica-
tion to gun-harmonisation.

2 ACOUSTIC MISS DISTANCE SYSTEM

Miss distance or bullet scoring systems based, on the measurement of the acoustic
shock wave from a passing supersonic projectile have been used for gunnery practice for a
number of years. In the UK the Rushton towed target has had an acoustic scorer for many
years and is used for ground-to-air and ship-to-air gunnery practice. A ground based
version has recently been introduced for air-to-ground gunnery practice. Many other
countries have similar systems.

2.1 Principals of operation

Any supersonic object produces a shock wave. If the projectile is reasonably small
and suitably shaped then within a short distance of the trajectory the shock wave forms
the characteristic 'N-wave'. The formation and characteristics of this wave are given in
Refs 1 and 2. The initial pressure rise of the shock wave Is related to the distance from
the trajectory (miss-distance) by:

CP(M 2 
- 1 ). =. AP y I

where AP is the pressure rise across the front of the shock wave;
C is a constant and depends on shell dimensions and shapel, 2 ;
P is 'he ambient atmospheric pressure;
M is the Mach number of the shell, which is the ratio of shell velocity to the

local velocity of sound, and
Y is the perpendicular distance from the trajectory, the miss distance.

The shock wave forms an expanding cone with the trajectory along the cone axis and
the apex of the cone just ahead of the projectile. The semi-angle Q of the cone is the
Mach angle given by:

a= sin -1  (2)

2.2 Accuracy

The accuracy of the theoretical formula of Eq.(1) has been investigated for a
number of applications including the original Ref 1. Our own investigations were
performed many years ago, and showed that with 30mm calibre ammunition the accuracy was
about 4% (standard deviation) for miss distances between about 3 and 8 m rising to about
7I% for miss distances of 2 and 15 m. The deviation from the i power law of Eq.(1) is
negligible over most of the useful range of miss distances. At extremely short ranges
this law does not apply and individual differences in shell trajectories are responsible
for the deteriorating accuracy. At long ranges the deterioration in accuracy is due to
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the small signal level on a constant noise level aie principal source of noise is the
air flow over the microphone and is der, -, z,!J on target velocity and microphone design.
(The accuracy of the syst o- - nut so good, by a factor of about 2, when used with large
calibre guns, q l15mm Naval gun.)

These accuracy trials demonstrate that, with care, the acoustic miss distance system
may be used for accurate gunnery scoring. In practice, the system is used to count rounds
into scoring zones, usually three, and these zones are adjusted for the calibre of gun,
mean range, target altitude and velocity. The mean range is used to determine the average
Mach number for the shells and no correction is made for change of Mach number with actual
range. This factor is usually the largest source of error in systems in use today.

2.3 Dead-time errors

If one round passes the target at a large miss distance and is followed by another
round at a small miss distance it is possible that the second shock wave will arrive at
the microphone while the system is still processing the first event. In this case the
second shock wave would be missed. Detailed calculations 3 have shown that with the rate
of fire of the 30mm Aden gun, and under certain -ttack conditions, this may occasionally
occur. The system used during development would for this reason be unsuitable for guns
with a high rate of fire, such as the 20mm Vulcan, fitted to F4s etc. The production
version of this equipment will use a different miss distance coding technique which will
reduce the total instrumental dead time to little more than the duration of the shock
wave itself. Calculations 4 then show that even with the 6000 rpm of the Vulcan gun
the maximum probability of one of two consecutive rounds going undetected is about 0.03.

It will be apparent from the preceding discussion that measurements using two or
more guns simultaneously would be considerably degraded so that trials would normally be
restricted to the firing of a single gun.

3 SECTOR INFORMATION

An omnidirectional microphone will be uniformly sensitive to shells in all directions
and will not provide the gunner with any indication of the direction of the miss relative
to the target. The direction of arrival of the shock wave may be accurately determined by
using an array of microphones. There are a number of alternative arrangements of micro-
phone arrays and processing systems, but a factor which must always be considered is cost.
Targets are frequently lost and so it is desirable that equipment which is lost with them
should be low in cost. It was for this reason that a relatively simple system was chosen
which only defines the sector or quadrant of the passing trajectory.

3.1 Principle of operation

Four microphones are mounted on the target in the form of an upright cross. These
microphones are shown on the nose of the target in Fig 1. A section through the plane
of the four microphones is shown in Fig 2. A supersonic projectile passing the target at
right angles to this plane produces a shock wave which is an expanding circle in this
plane. Such a shock wave, shown in Fig 2, will reach the microphones in the order 2, 1,
3, 4. This simple 'order of arrival' is detected and used to denote the sector of the
miss.

3.2 Accuracy and errors

The microphone array is a square of side 0.11 m and the shock wave travels across
the plane at a velocity v given by:

vC
v = Cos

I-

where vc is the velocity of sound (:K' approximately 340m s1 at sea level). The speed
of modern electronics is more than adequate to determine the sector of the miss with
extreme accuracy. A calculation, including the measured aerodynamic noise from the micro-
phonesindicates an uncertainty of the sector boundary of about 0.30.

If the trajectory of the shell is not normal to the plane of the microphones then
the conic section of the expanding shock wave in that plane is not a circle. If the angle
between the trajectory (fl and the plane of the microphone array lies between 900 and the
Mach angle % , the expanding shock wave is an ellipse. If t = x , the shock wave is a
oarabola and if • , the wave is a hyperbola. In any of these situations there are

- cases where the order of arrival of the shock wave at the microphones is different to the
simple case. In the cases of the hyperbola or the parabola totally different orders of
arrival are predicted and the technique fails. In the case of the ellipse detailed
calculations have been made to define the magnitude of the errors. Figs 3 and 4 show the
results of two such calculations. In both examples the azimuth angle between the relative
trajectories of shell and target is 10.70 (shell travels left to right across the target
trajectory) and the elevation angle is 10.50. These give an angle between the shell
trajectory and the normal to the microphone plane of 150. A typical target velocity of
M = 0.5 is used. The shaded areas of the diagrams are those regions where a passing shell
would be erroneously scored into the adjacent sector. In Fig 3 a fairly typical shell
velocity of M = 2.0 produces four error zones of 2-30 wide. In Fig 4 a low shell velocity
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of M = 1.2 produces two error zones of about 160 width and two of about 70. Such a low
shell velocity would only occur at extreme firing ranges (approximately 1000 m for the
30mm Aden).

The analysis indicates that the system will give acceptable results (error zones
<5% of total) for all normal attack conditions provided the trajectory of the shell lies
within ±200 of the target's trajectory. With increased angles of interception, the above
error zones increase to approximately 30% when the intercept angle is 450.

Flight tests have shown that on rare occasions a microphone will appear to have
reduced sensitivity. This effect usually lasts a short time and then corrects itself. It
is thought to be due to water collecting on the protective gauze of the microphone and
subsequently being blown or evaporating away. Many of the possible errors in sector
information caused by this effect are suppressed by some additional electronic logic which
implements the rule that the first two events in any sequence must come from adjacent
microphones.

4 RUSHTON TOWED TARGET

The Rushton towed target is a cylinder about 2.5 m long by about 0.2 m diameter. It
has stabilising fins at the rear incorporating various combinations of flares which are
fired by means of a radio command link with the towing aircraft. The target also carries
radar enhancing devices. The towing point is just above and slightly forward of the
centre of gravity and a typical tow line for air-to-air gunnery is 3000 m long. One of
the targets used for the development of this scoring system is shown in Fig 5.

The towing aircraft is equipped with a receiving system for receiving and recording
data transmitted by the target. Even if the more elaborate facilities of a ground
receiving station are desired the facility for recording data in the towing aircraft is a
useful reserve in case of disruption of the target to ground station radio link.

The Canberra is the main target towing aircraft used in the UK. Recently, ex-Royal
Navy Sea Vixens have been converted to the towing role and provide a higher performance
than the Canberras.

3.3 Target system

Fig 6 shows a schematic diagram of the target-borne part of the system. The lowest
of the four microphones (No.3) is used for the miss distance function. The signal from
this microphone is fed to the miss distance code generator where a pulse whose duration is
directly proportional to the peak amplitude of the incoming signal is generated. There is
a maximum duration allowed for this pulse. All four microphones are connected to the
sector code generator where the order of arrival of the shock wave at the microphones is
recognised and an appropriate digitally coded signal is generated. The sector coded
signal is delayed by the maximum permitted duration of the miss distance signal and then
the two signals are added together. A modulator and a small radio transmitter complete
the target equipment and the coded signal is transmitted to the receiver.

3.4 Receiver system

The receiving system may be located either in the towing aircraft or in a ground
station. A schematic diagram is shown in Fig 7. The signal is received and demodulated
to reconstruct the combined coded signal. At this point it may be recorded for later
detailed analysis. The miss distance and sector signals are separated and decoded. In
the miss distance decoder a pulse whose amplitude is directly proportional to the original
microphone pulse is produced and presented to three adjustable comparators. The settings
on the comparators are pre-determined for required zone radius, target altitude and speed,
gun calibre and mean shell Mach number. The mean shell Mach number is determined from
the ballistic range table for the mean firing range and the attacking aircraft's velocity.
Each round passing the target is simply counted into the appropriate zone and sector.
The production 7ersion of this equipment will have a combined two zone and four sector
display as shown in Fig 8. For gunnery practise this is adequate and the later analysis
of tape recordings is unnecessary. For gun harmonisation this is not adequate and the

tape recordings are analysed.

A simple, if laborious, technique of analysing the tape recordings is to replay the
tape, at reduced speed through a chart recorder, measure the length of each miss distance
pulse and identify the sector from the digital code by inspection. This may, of course,
be automated giving a print-out of the miss distance and sector of each round.

5 TECHNIQUES USED FOR GUN HARMONISATION

The individual signals generated from every round that passes the target are recorded
and individually decoded to give miss distance and sector. The Mach number for the
correct application of Eq.(1) depends on the attacking aircraft's speed, target speed, and
firing range. The aircraft's and target's speeds are recorded from normal aircraft
instruments and the firing range is determined by one of several techniques. For example,
if the attacking aircraft is fitted with radar the range may be determined from that. A
second technique is derived from the transmission from the attacking aircraft of a tone,
generated when the pilot depresses the firing button. This tone is received at the ground
station and recorded on the same tape recorder as the signals from the target. From this
record the time between the gun firing and the shells arrival may be accurately determined.
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The estimation of firing range and Mach number is then made from Interpolation from the
gun's range table with a correction for attacking aircraft speed and target speed.

The indication of the gun-sight during an attack is recorded on photographic film
and so the performance of the gun and gun-sight may be compared.

Visual zcquisition of such a small target is difficult. The procedure adopted
requires the Range controller, using surveillance radar, to position the attacking air-
craft relative to the target. From the position and range at which most attacks commence
the pilot should be able to acquire the target visually. The pilot then calls for a
target flare to be fired either to aid him in acquiring the target or as a visual enhance-
ment during his attacking manoeuvre. Two types of flare are available; these are smoke
flares and light emitting flares. The former are excellent for visual ranging but the
smoke tends to be invisible close to the target. Consequently these flares are poor in
providing an aiming point. The latter produce an excellent aiming point but are poor for
visual ranging. The flares are fired sequentially and so it is possible to have two
flares, one smoke and one light emitting burning together. This combination provides the
best target but suffers from the limited number of flares (at present, six) which may be
carried on any one target. Due to the reasonable cost of the system it is both highly
satisfying to all concerned and a definitive proof of gun harmonisation if the later
attacks in a trial series actually destroy the target.

6 CONCLUSIONS

The principles of operation and the performance of the sector acoustic miss distance
measuring system fitted to the Rushton towed target have been described. The system has
been shown to have adequate capability to meet the requirements of a target for air-to-air
gun harmonisation, and the techniques used in harmonisation trials have been outlined.
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Fig 1 Microphone array on nose of target
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Fig 5 Rushton MA 2 target with SANDY
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RESUME

La complexit
6 

amnocie aux performances do plus en plus pousmees des avions rend n~cessaire,
A tous lea stades, une coop~ration trAm 6troite ontre l'avionneur et le motoriste. D~s Ia concep-
tion dun avion do combat moderne, lea bureaux d'Atude respectifs ant A prendre en compte l'ktude
approfondie do l'adaptation at de la compatibilit6 do Il'naemblo propulsif et do la cellulo.
Cotte cooperation 6troite s maintiont tout au long do Ia phase do d~veloppemont.
Un. fois arrivi Is stade do la r6alization, lea essais on vol du mat~riel font apparattre de
nauvelles n~cossitia d'6volution de Ia configuration. Parmi celles-ci, beaucoup concernent Is
compatibilit6 du isoteur avec loa autres systemes do Ilavion. L'anticipation et la r~solution do
con probl~mom doivent absolument Atro r~alis~es do faqon satisfaisante.
La qualit6 du produit final en d~pend 6troitement.

PREFACE

Un. adaptation bien etudi~o et une compatibilit6 satiafaisante du reacteur et de Ia cellule
d'un avion do combat modorno constituent des qualit~a essontiellos pour Ia r~ussite technique de
la realisation.
Cette observation eat valablo aussi bien dane is cam du montage d'un r~acteur do typo nouveau quo
dane le cas d'une remotorisation.
D49 is stado do Is conception, chez Ilavionneur came chez le motorists, tous lea efforts mont
mis on oeuvre pour quo l'adaptation du moteur i l'avion soit r~ussie.

En plum du travail soutenu des bureaux d'etudom, lea diff~rents eliimenta du r~acteur et le
reactour complet subissont touts une s6ris dlessais, au sol (essais partiels, basic dlesaais,
banc d'altitude), puis en vol reel our banc volant avant le montage final sur l'avion d'armes.

Do son c8t6, ilavionneur de-velappo is cellulo et soe diff~rentm myatemes, au Prix d'une non
mains longue genie d'essaim. Une cooperation etraito entre l'avionneur et is motorists eat main-
tonue pendant touts cette phase pr~paratoire afin do traitor lea diff~rentm aspects d'adaptation
qui so presentont.

L'experience a montre quo, maigre toutes loin pr~cautions primes aux diffirents atades, une
miss au paint complementaire du mat -riel s'av~re toujours neosaire, une fais Is moteur installe-
sur Ilavion d'armes.

Co sont con probl~men d'adaptation ot do compatibilit6 quo nous nous proposana d'6tudier en
examinant lea differents secteur. done losquels uls sont habituellement rencontr~s. Ii no saurait
s'agir d'une etude exhaustive, compte teno quo chaque can davionnago pr~sonte sa caract~risti-
quem apecifique.. Noun illustrerons lea cas expos~s par des exemples v~cua au cour. des ousais
en vol do Ilavion ALPHAJET qui eat AquipA do moteurs LARZAC d~veloppks par SNECMA et TURBOMECA,
r~unis done is groupement GRTS (planches 1 i 3).

A Noun allan. considerer successivement los differents aspects suivanta

- Compatibilite aerodynamique

- Pilotabilite du mateur

4- Prelivement. ld,'air

do puiasance

)- femarrage du matson en conditions extrAmes

- Alimentations e~n carburant
Ioc t rique

- Conduits et surveillance des moteurs

- rronti~res diver...

- Armament

- Aptitude A Is maintenance.
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1. COMPATIBILITE AZRODYNAMIQUE

Le fonctionnement d'un moteur dfipend 6troitement des conditions d'alimnentation en air. Une
bonne alimentation en air n~cesaite:

- une bonne intigration du moteur dane la cellule,
- uno entr~e d'air bion 6tudi~s.

1.1. Implantation du moteur dane la cellule

L'installation propulsive d'un avion oat toujours soumise A l'influenco du champ a~rody-
namique int~ressant la cellule, qu'A son tour elle peut affecter. II import. donc, d~s 1.
stade do la conception, d'int~grer convenablement lea entries d'air et lea tuy&res
d16jection a la cellule, de fa~on A mattrisor lea interf~rences a~rodynamiquos.
*Lea formes d'un avion dane I& ipartie amont des entrA.. _d'air sont dessin6es de faqon A
assurer une bonne continuit6 d'Acouloment, une couche limits r~duite et l'asence do
sillage affoctant lea entries d'air. Des modifications 6ventuellos de forme (par oxam-
ple, forms dui no: d'un avion avec moteura dans 1s fuselage) ou des rajouts eventuels
de sondos en saillie peuvent avoir des cono~quencos n~fastos sur 1. fonctionnement dui
moteur.

Les deux versions, 6colo ot appui tactique do l'avion ALPHAJET ont des form.. do no:
diff~rentes (planche 1). Grace A une 6tude soign6e des formes dana les deux cast le
fonctionnement des moteura W'est pas aiffect6 par Is configuration dui no:.

*L'Atude des formos arriZ-res lea mioux adapt~es eat men~e conjointement par lea bureaux
d'6tude avionneur et motorists ot vkrifiA. en soufflerie sur maquette.
Les objectifa suivants sont poursiiivis :

- axo de pousa~e conforme A l'objectif,
- tratn6e de culot r~duite,
- non intorf~ronco accidontelle des jots dos r6acteurs.

Les ossais en vol permottent de v~rifior corn diff~rents aspects. 11 eat ass.: rare quo
des romisos 3n cause profondes de is conception r~sultent des essais. En revanche, il
faut parfois reto~ucher lea zones environnant lea tuy~res afin d'am~liorer is performan-
ce global. (optimisation do is tratn6e do culot).
Llavion ALPHAJET, Jont l'Atude sarodynamique a 6t6 poussA., n's pr~sent6 aucun problzme
do d~veloppement do cette nature (plancho 1).

1.2. Compatibilit6 entrA. d'air moteur

1.2.1. Une bonno qualit6 de 1'Acoulement de l'air Ai l'entr6e dui moteur eat n~coasairo A

son bon fonctionnoment. Tous lea r~acteurs sont, on offot, sonaiblos A is diator-
sion d'entr~e d'sir qui as traduit par:

- un abaissoment des liwnites de pompago,
- une augmentation de l'excitation vibratoiro des aubages do compreaseur,
- uno perte de performance dona lea can extr~mes.

Un maximum de pr~cautiona oat donc pris pour que lea entries d'air et lea motours
sojent corroctoment adaptes.

Los moteuris mont conque avoc des marges vibratoires et den marges au d~crochage,
en pincie, uffisantes. L'eicp~rimentation au. bsnc partial, puis au banc d'osaais

comport. syat~matiquoment des ssais avoc des grilles do distorsion. Parfois,
egalemont, lloxp~rimentation our banc volant eat r~alis~s avoc un ensemble complet
moteur/entr~o dsair repr~sentatif do Is configuration final.

Les entr6es d'air mont conques do faqon A assuror l'sbaorption correct. du d~bit
d'ai du moteur en tout. circoriatanco ot une distorsion aussi r~duite quo possible
(piiges A couch. linmito, entries d'sir auxiliaires). Des ossais en soufflorie
pormettent de v~rifier lea previsions ot d'etsblir lea cartes do distorsion atten-
duesa.
11 fsut souligner quo des consid~rstions do tratn6e global. de poida, do aimplici-

J t6 et do codt conduisont 1. plus souvent Ai no pan riaiser lea conditions optimalos
pour 1e moteur, main A trouver un compromis ontre cos exigences contradictoiros.

1.2.2. Probl~mes do compatibilit6 ontrA. d'air/motour habituollement roncontres

Cortsins can do fonctionnomont sont connus pour Atre critiques pour lea r~acteuraI

- Fonctionnomont au point fix. - Tourbillons His A Is pr~senco dii aol -
4 Influence dui vont travers ou arrie,

1!on t I onn mon A a ut ltitude t foible vitess o oil lea marg s du moteur

- onctionnement noun incidence 6lvA. associ~e, 6ventuellement, A dui
4w , d~ apag .S ir n avion do haute. performances, lea variations rapide n

d'incidonco sont 6galoment A prendre en consid~ration,
-Fonctionnement en supersonique 6leve pour lam aviona iquip~a d'uno ontr6o
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On met en 6vidence, par ailleurs au cours des essais en vol, lea manoeuvre. du
moteur qui s'avArent lea plua a~v~res dons lea diffents cam do fonctionnement
consid~r~s.
Certain. aspects aphcifiques do is configuration d'un motour, liam & des caract6-
rintiquem de cycle, de conception et surtout do r~gulation peuvent conduire i den
comportements particuliers. Cependant, certaines manoeuvres sont critiques pour I&

4 presque totalit6 des reacteurs, telles quo

- mouvements do manotto alternis (agaceries),

I - Affichage direct du plain gaz avec post combustion A partir du plein gaz

sec ou d'un r~gime interm~diaire,

- L'Atat thermique du moteur joue souvent un r8le important. Un moteur
"chaud" d~croche, en g~n~ral, plus facilement.

1.2.3. M~thodes d'exp~rimentation en vol utilis~es en FRANCE

G~n~ralement, lea essaim moteur our Ilavion d'armes comportent une phase initiale
do mine au point. Llexploration syst~matique de tous les cam de fonctionnement du
moteur dans Ie domaine do Ilavion fait apparattre Ia n~cessit6 d'un certain nombro
do modifications.
Une fois atteinto une d~finition donn~e du moteur et do l'entr6e d'air, consid6r6e
comme correcto, commence Ia phase do validation praprement dito.
En FRANCE, cotto 6preuve'appel~o "Bon do Vol" consisto it exp~rimenter des moteurs
rendus intent ionnel lament plus susceptible. au lid~crochago"l ou au "blocage" * par
des modifications do g6om~trie (distributeur do turbine, section do tuyare) et do
r~glago (but~e d'acc6lkration). Ces moteurs extrimes sont destin~s A couvrir lea
dispersions suscoptiblos d'Atre rencontr6es dons une production do serie.
Cette m~thode tr~m s~v~ro pour 1e mat~riol permet uno grande orot6 dan. los
pr~visions do comportoment des motours do eerie.

Le bon do vol comporte une phase pr~paratoiro sous responsabilit6 du motoristo,
puis uno phase "officielle"t r6alis~e par le Centre d'Essais on Vol.
Le domaino do vol et les consignos d'utilisation du mat~riel r~sultent do coin
ossaii. Los crit~res recherch~a concernent le respect des clauses techniques, maim
6galomont Ilobtention d'un bon fonctionnement du moteur sur lo plan op~rationnol.

Los margos au d~crochage du moteur installA mont, en effot, difficilemont pr~visi-
bios avec pr~cision, mime en fonctionnomont stabilis6, compto tenu do la difficult6
d'appr~hender lea ph~nom~nes instationnaires qui so produisont done une entr~e
d'air. Le probl~mo mo complique encore pour lo fonctionnemtnt transitoire quo
souls loa esmais en vol pormettent do quantifier.
Pour r~soudre lea probl~mes do d~crochago 6ventuollemont roncontr~s, on est parfois
sfeniA A r~gler le moteur d'uno fagon qui le rapprocho du blocago, de telle sort.
qu'il faut 6galemont regarder do pr~s los caract~ristiques du motour vim A vie du
blocago.

1.2,4*. Dana 10 cam do Ilavionnago du motour LARZAC our l'avion ALPHAJET, les difficult~s
do mime au point suivantes sont apparuos:

- Persistanco do d~colloment tournant A bas r~gimeosur cortaina motours,
avec passage en d~crochago partiol sur mime do gaz. Le ph~nom~no so mani-
festait au sol o4 il 6tait aggrav6 par le vent travors ou arri~re ot A
basso altitude.

Le probl~me a 6t6 r~solu en montant des vannes do d~charge du compros-
sour HP au 2e 6tage au lieu du 4e 6tage came dans I& configuration

q initiale.

- Sensibilit6 du motour aux agacorios A r~gimo intorm~diaire A basso altitu-
de, murtout sous incidence, so traduisant par un d~crochago momentan6 ou
par un d~crochage partiol du moteur.

Le d~calago du r~gime N2 de fermeture des vannes do d~charge do 70 A

80 % a 61imin6 ce risque.
- D~crochage du moteur our panne du calculateur A nombro do mach 6lovA dOk A

1'6trangloment du flux socondaire associA A l'ouverture automatique des
vannos do dicharge dane coin conditions.

Une consign. d'utilisation attire I'attontion sur co risque qui roste
assoz improbable et confinA A uno partie du domaine de vol pou

94 utihis~e.

Lo domaine d'utilination du motour sur Ilavion do m~rio eat donnA sur Ia
planche 4.

NOTA Le terme "~blocagell pout s'appliquer A un blocage offectif du regime Bur mime do gaz

owt bien A une lenteur excessive d'acc~l6ration du motour.
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2. PILOTABILITE DU I4OTEUR

La marge au blocage d'un moteur no devient, en g~n6ralj critique qu&i haute altitude,
Toutefois, l'aspect plus g~n~ral de la pilotabilit6 d'un moteur sur un avion donn6 doit faire
l'objet d'une 6tude particuli~re.
Au cours des essais au banc du moteur, lea caract6ristiques suiventes sont d6termin6os et font,
eventuellement, 1'objet d'une adaptation.

*Caract6rimtigu taticue
Loi pouss~e/anlle mantte des gaz
L'objectif consiste i obtenir une i&volution continue, en g~n~ral lin~aire A fort r6gime,
sane plago morte ni discontinuit6 importante (liA., par oxemple, A un r~gimo d'ouverture
de vannes de d6charge).

*Caract~rimtiques dynaimipues'

- Temps d'acc6l6ration depuim le ralenti et depuis des r6gimes intermkdiaires.

- Absence de d6phasage important our sollicitation. altern6es,

- Gradients do poussie - Mbme en l'abmence do sp~cifications techniques formelles, on
consid~re, en FRM4CEt qu'il eat n6cessaire d'6valuer avec pr6cision Ia r~ponse du
moteur et do la rendre conforme aux souhaits des utilisateurs. En ce senm, on fait
intervenir Ia notion do gradient do pousshe A partir do diff~rents r~gimes, co qui
permet de caract~rimer Ia r~ponse initial. du moteur. On d~finit ainsi, par example,
GI qui ropr~sente l'augmentation do pouss~e en I seconds (planche 5).

Une fois he moteur avionni our Ilavion d'armes, cos caractkriatiques sont do nouveau 6valu~es,
au point fire et en vol9 ainsi que des aspects compl~mentaires, tel. quo Ia sym6trie des
manettes et lea probl~mes do synchronisation, dans Ie cam d'un multimoteur. Enfin et surtout,
11 eat n~cesaaire d'effectuer l'Avaluation qiualitative globale de Ia pjlotabilit6 dens des
cam do vol particuli~rement important.

- phase d'approche,

- perc6e IFR,

- vol en patrouille,

- combat,

- ravitaillement en vol (s'il y a lieu).

Cotte 6valuation ost, en particulier, effectu6e, en FRANCEf our uco moteurs en configuration
extrAmo blocago.

Sur l'avion ALPHAJET, lea moteurs nWont pas eu A Atre modifi6o pour des raisons de pilotabilit6.

3. PRELEVEMENTS D'AIR

Lea pr6l~vements dWair sont utilis~a principalement pour pressurisor Ia cabine et leg r4ser-
voira, parfois aussi pour prosmurisor ou conditionnor des 6quipements,ou pour des bosomns do
d6givrage
L'avionneur demande un niveau suffisant de pression qui impose une source au nivoau des 6tages
haute pression des compresseurs.
Lea taux do prel~vement pouvent Atre assez 6levem.
Les conoequence. d'un prC-levement dWair sont

- porte de performance installee ou diminution do Ia marge de temp6rature turbine (sui-
vant he typo do r4gulation),

- rel,;vement do Ia ligne de fonctionnement associ6 A une augmentation des temps d'acc6-
li-ration du motour,

- ajoelioration do ha marge au d~crochage du fait du desetranglement du compreasour.

Ceo different. effete ont 6t,; mis en evidence dans le can du moteur LARZAC. L'illuatration do
Ilinfluence sur Ia higne do fonctionnement eat donn6e our la planche 6. La determination des
limites do decrochago a 6t6 effectu~e en coupant ie pr;lLvement do climatisation cabine du
moteur en esals, afin d'61iminer cot effet favorable. L'Avaluation du "blocage" a, au contrai-
re, 6t6 offectuce avec he prel~vement cabine ouvert.
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L'entratneroent den pompes hydrauliques et den g6n6rateurs 6lectriquos d'un avian eat
effoctu6 a partir do bottes rolais entratne par 10 comprosseur HP.,Le pr~l~vement do puis-
sance correspondant eat tris variable d'un avion A l'autre. Sur les aviono d'aruos modernes,
la puissance prelevee eat asoez importante, compte tonu des oxigenceshydrauliques imponfies
par len commandos de vol et des beoo 6lectriques pour alimenter, on particulier, Ie systeme
dWarman.
Le fait de pr~loeor une, charge e~canique a lea cons~quencos suivanteu our Ie fonctionnement
d'un reacteur:

* - parts do performances ou diminution des marges de temp~rature turbine suivant le mode de
r~gulation,

Cat offet eat g~n~raloment assez foible.

-pas dleffot sensible our lea limites de decrochage.

-diminution des margos au, blocage. Cat effet r~sulte du rel~voment do la ligne do fonc-
tionnomont du compresseur HP (planchefl

La d~termination des limitos du motour LARZAC on matiAre do pilotabilit6 at do blocago
a 6t6 faite on r~aliaant Is charge pr4lovie maximale possible on utilisation (montage do
l'altornateur do d6givrage associ6 A un banc de charge 6iectriquo).

5 -ALIMENTATION EN CAR1JRA14T

Le systame do carburant dfun avion ot, en particulior, lea pompes do gavago, eat conqu
do faqon A assurer une alimentation correcte des eoteurs on carburant.

* 11 eat oxcoptionnol quo des difficult6a soient rencontr6es au niveau des motoura pour
des can normaux do fonctionnemont du circuit carburant avian.
Des esosis, par temps chaud et froid, sont g~n~ralement inclus dens tout programme de
d6veloppemont (Kiruna (Finlande) ot Marrakech (Maroc) pour l'ALPJIAJET). Coo essais
peuvent faire apparattre des caract~ristiques inacceptables ou g~nantos do fonctionnemont,
n~cessitant des modifications. Parfois, il ouffit d'adapter les consignee d'utilization.

* L'A6tude du fonctionneinent des moteurs en coo do panne simul~e des pompas do gavago avion
implique dos ossais spficifiquos.

Ceo essais ont fait apparattre, our ALPHAJET, des probl~mos do fonctionnoment den motoura
A hauto altitude avec carburant TRI. Vito modification des mimes A l'air libre dos
reservoirs et des modifications des tuyautorios do rotour carburant moteur sont intorve-
nuos pour sm~liorer 1. fonctionnemont des moteurs done corn conditions.

6 -DEMARRAGE DU MOTEUR DAMS DES CONDITIONS EXTREMES

Des essais de d~marrage dans des conditions thermiques extrAmes et on altitude simule
sont g6n6ralement effectu6s au banc d'aLtitude afin do couvrir les conditions extramos do
demarrago des moteurs, en adaptant 6vontueLLemont lee r~glages pour am~liorer Ie comportemont.
Los ossis our avian, par ambiance trio chaudo ot trim froide, ainsi quaosur des terrains on
altitude pormottont ensuite de contr8ler la vaLidit6 den conaignee do d~marrage propos6es.

7 -ALINENTATION ZLECTRIqUZ

*Sur lea motouro modernes dont la, rfigulation fait do plus en plus appeL a l'Aloectroniquo,
1* qualit6 do L'alimentation 6lectrique dos calculatours rovit un caractere important. 11
fout, on particulier, quo

- Les fourchottes contractuollos do tension et do fr~quence d'alimontation soiont respectfies,

- Los circuits d'alimontation soiont correctoment proteges contro los parasites,

- Les blindages aient une bonne continuitA,

atin d'eviter des mises en panne intempostives par los circuits d'autosurveiLlance des calcula-
tours.

04 Le fonctionnemont du moteur LARZAC our l'avion ALPHAJET a toujoura 6t6 satiafaisont do co
point do vue, mais iL a 6ti n~cossairo, our d'autros mat~rieLs, d'installer des aLimontations
6loctriquos sp~cifiquos pour L'alimentation du calculateur du motour.
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8 - CONDUITS RT SURVEILLANCR DES MOTEURS

L'intfigration do* moyens do conduite et do contr8le de* moteurs done de* tableaux do
bord toujours trop exigus r~sulte do compromis entre don exigence. contradictoires. Los

t ~ qualiteas uivantes sont requisest

- accessibilite des commandes,

4 - ban emplacement des instruments et alarm..,

- qualit~a correctes de visualisation des paramitres de conduite.

Une attention particuli~re doitl *Voe accord~e aux deux aspects suivantst

Contr8le de Ia pouss~e au d6collace

Il imports que le pilote puisse facilemont conirfiler quo la pouss
6
e demand~o eat effecti-

vement disponible. En cc sons, Ilavionnour et lo motoristo sont amion~s A travailler do
concert pour d6finir le(s) param~tre(s) do conduitse b(s) mioux adapt6(s) pour cotte fonction.
Parfois, cetto surveillance eat synth6tio6e sous la forme d'un voyant unique.

Manette do commando do puissance

Son positionnenent doit 4tre correct et a& cin~matique doit prksenter des caracteristiques
agr~ables do d6placomont ot dleffort.

9 -FRoNTrERES DIVERSES

Le r~acteur ost int6gr6 dans Ia cellule et reli6 aux diff~rents syst~mes do l'avion par
un certain nombro de plans fronti~res tels que:

- fronti~res m6caniques - suspension, accossoires, raccordement do llentree d'air, tuy~re
froide, prel~vements d'air - inveraeur (6ventuellement) - commando de puissance.

- alimentation en carburant,

- frontiires 6ectriques,

- raccordemonts hydrauliques et 6lectriques des generateurs,

- systqme do d~marrage,

- detection incendie - circuit d'extinction (6ventuellement),

- raccordomont des purges, drains et mines i Pair libre.

Tous coB aspects, mineurs do prime abord, donnent g~n~ralement lieu & une multitude de
petits probl~mes do compatibilit6 necessitant des adaptations au cours de la misc au point.
En effet, il eat bien rare quo los pr -visions soient enti~rement confirm~es en mati;,re

- do d~formations m~caniques,

- d'environnement thermique,

- do niveau do pression,

A l'interieur des compartimonts dans lesquols sont install~s los reactours.

10 -ARMEMENT

11 s'agit 1A d'un vaste sujet que nous no ferons qu'6voquer puisque los ossais do compa-
* tibilit4 moteur-systome d'armes no sont pas realises par le motoriste. Les gaz chauds 6mis

au moment d'un tir (tir canon ou tir d'un engin) peuvent entratner le d~crochage du motour si
5 le sillage est absorb6 par l'ontr~e d'air.

En fonction des probl,;mes roncontr.s, on ost danc conduit A pr~voir des dispositifs do d~ta-
rage sutomatique des moteurs pendant Is phase critique.
Un snyon simple souvent utilis6 cansiste i ouvrir temporairement un (ou plusiours) 6Mectroro-
binet(s) appauvrisseur(s) mont6(s) sur le circuit d'injection do carburant. Des modifications

4 int6resgant l'avion sont 6galement possibles (emplacement des engins, optimisation des
siquences de tir, mime en place do freins de bouche ... ). Dans ce domaine, l'empirisme consti-
tue In r;.gle et cheque cas se traite do faqon particuli~re.
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11 -APTITUDE A LA MAINTENANCE

Noun no voudrions pas clore lanalyse des cas habituels de conflits de compatibilit6
sans parlor de l'anpect do Ilaccessibilit6 du moteur pour lea op~rations do contr8le routi-
ni~res, qui rentrent dans le cadre de 1"l'aptitude A la maintenance".
Lorsque pour des raisons de nimplicit6 at de l~g~ret6 de structure, lea moteurn nont int6-
gr~s dane Ie fuselage, une attention particuli~re doit 8tre accord~e A ilaccessibilit6. En
ce sons, il y a lieu de pr~voir, et eventuellement d'adaptor, des trappes do visite permettant
diacc~der commodent aux diverses fronti~res, aux rkgulateurs, aux prison test des
calculateurs, au r~sorvoir d'huile ou A non romplinnage A distance, aux filtres et bouchons
magn~tiquos et A des acc~n de contr8le endoscopique du moteur.
Tout 1'habillage des moteurn ot des nacelles doit faire l'objet d'un souci constant en ce
sons, pendant Is developpement du mat~riel.
L'implantation den moteurn retonue sur 1'ALPHAJET (en nacelles accol~es au fuselage) pormot
uno tr~s bonne accennibilite et des temps de d~pose et do montage des motours remarquablement
courts.

CONCLU)SIONS

Au terme do cot expos6, noun voulons essontielloment rovenir sur la n~cessit6 do prendro en
compto lea aspects d'adaptation et do compatibilit6 du motour et do la cellule A tous les staden
do Il'tude et den onsais.

Du nucc~s do co travail do coop~ration etroite entre l'avionneur et le motorinte d~pend, on
grande partial Is succ~n final do la r~alisation.

SOMdAIRE DES PLANCHES

Planche I - Llavion ALPHAJET

Planche 2 - Coupe du moteur LARZAC

Planche 3 - Len principalon phases d'essain du moteur LARZAC

Planche 4 - Domaine dfutilisation

Planche 5 - Gradients do pouss6e

Planche 6 - Effet despr~l~vemonts dair

Planche 7 - Effet du pr~livemont de puissance
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TURBOREACTEUR DOUBLE CORPS DOUBLE FLUX LAPZAC 04

-_

CARACTERISTICUES PHYSIQUES

Diarn~tre A la bride d'entr~e 451,6 mm
Tuy~re de6jection

Flux chaud -Section de sortie 556 cm2
Flux froid -Section de sortie 365 cm2

Longueur totale sans tuy~re - 1320 mm
Longueur hors tout - 2165 mmn
Masse GTR avec 6quipement - 317 kg
La masse s'entend sans huile ni carburant dans lea circuits

Compresseur BP axial 2 6tages
Compresseur HP axial 4 6tages
Chambre de combustion annulaire
Turbine HP (aubes refroidies) axiale 1 6tage
Turbine BP (aubes A talon) axiale I 6tage

*k~qulation de carburant hydrom~canique et 61ectroniquC
Dhsmarraqe 6lectrique
Iubrification autonome sous pressien
Alluinage 2 bougies HT

Les accessoires du moteur sent install~s sur une bofte situ6e
A la partie inf~rieure avant dui moteur et sont entrain~s par

S un ensemble m~canique li6 au rotor HP.

Conteneur Longeur -- Hauteur -- Masse-

PLANCHE N* 2
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* DATES CLES DU DEVELOPPEMENT DU MOTEUR LARZAC

Premier fonctionnement au banc dlesais 20/05/69

Premier fonctionnement au banc d'altitude 22/04/71

ler vol sur banc volant (Constellation puis FALCON 10) 27/04/71

ler vol avion ALPHAJET 01 26/10/73

ler vol d'essai sp4cifiquement moteur 02/07/75

o HEURES DE FONCTIONNENENT AU COURS DES DIFFERENTES PHASES A LA FIN 79

Nombre de

vols

Banc dlessais sol 11 200 h

Banc d'altitude 1 40 0 h

Constellation 80 h 29

Falcon 10 300 h 197

Essais moteurs sur ALPHAJET 537 h 312

PLANCHE NO 3

0i
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DOI4AINE D'UTILISATION DU MOTEUR

LARZAC SUR LOA"ION DE SERIE
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GRADIENTS DE POUSSEE

Pouae

100

6o

40&Fe n eod

Regime dlapproch I

20

0 temps (a)
0 4 1 5

(affichage du plein gaz)

ftDana le cas illustre ci-deasus, Gi A partir du r~gime d'approche 30 %

pouss6e PG/

PLANCI4E N* 5
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4

INFLUZNCX DU PRBLEYEM3NT D' AIR SUR LA LIGNZ

DR FONCTIONND4ENT (NOTUR LARZAC)

Conditions R~gime du Pr6l~vement d'air Rel~vement de Ia

de vol moteur (% dibit total) ligne de fanctionnement

Sol Raleriti o,65 4 %

Plein Gaz 0,65 2,5 %

25000 ft/1hO kt Ralenti 0,95 2 %

Plain Gaz 0,95 3,4 %

36000 ft/120 kt Ralenti 1,25 2 %

Plein Gaz 1,25 1,5 %

(d~bit de carburant r~duit)

RE4ARQUE

L'influence au plein gaz eat plus marqu~e A 25000 ft qu'A 30000 ft, compte tenu
q ue l'autre moteur, qul est maintenu au ralonti dans lea deux cas, eat i un
r
4
gime plus faible & 25000 ft qu'A 36000 ft (72% au lieu de 78 %) et done,

* participe moins au pr~l~ivernent global demand6 par I. syst~me de climatisatiok.
cabin.

PLA4CHE N* 6

do
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5173? D-UN P9RSVDI3ZNT DR PUISSANCE MECANIQUE

3UR LA LIGNE LI ?oNCTIONNEDIIT DU NOTIUR LARZAC

(ESSAIS AVIC BANC DS CHARGS ILECTRIgJI)

Conditions Rigime du Charge Alectrique Rel~vement de Ia

de vol moteur prilev6e liigne do fonctionn-uent

Sol Ralenti 6 KW 7,3%

Plain Gaz 2

.30000 ft/160 kt Ralenti "53%

IPlein Gaz 2

(dibit de carburant riduit)

REMARQUE

L'effet constate au ralenti eat main, important i 30000 ft qu'su sol, i cause de

laugmentation du r~gime N2 de ralonti (75% au lieu de 53 %)

PLANCHE N* 7
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FUEL SYSTEM TESTING AND TEST INSTRUMENTATI ,-;
by Renato AIMO

New Project System Design
AERITALIA - Combat Aircraft Group
Corso Marche 41, 10146 Torino

Italy

1. FUEL SYSTEM TESTING OF HIGH PERFORMANCE AIRCRAFT

- Fuel system design requirements for high performance aircraft involve critical items such as time

and cost, due to the necessity that complete assurance of satisfactory operation is a must long before the

prototype is ready to fly.
- Should the high safety or the high performance factors be the requirements, the quality is a fact

proven by actual test of the system and all its components under simulated conditions tougher than any-

thing likely to be experienced even during the subsequent flight test program.
- There was time not long ago, when fuel system design involved engines of low specific fuel consump

tion, moderate rate of climb, and no aerodynamic fuel heating problems.
- A well tried analytic approach could be applied to such a design with considerable confidence. Test

stands were then mostly limited to static ground tests, with often only a portior. of the system being eva-

luated. Such stands together with ground and flight testing of the completed prototype were adequate to

demonstrate the proposed system capability to fulfil the requirements.

- The past years have changed the picture quite drastically. The use of the turbine type engine h..a

brought greatly increased fuel flows, rates of climb, and pre-heating of the fuel both through aerodyna-
mic heating and by the use of the fuel as a heat sink. In addition, the use of different fuels has made the

prediction of system and components functioning more difficult. In an accelerated program, production

aircraft are often built concurrent with prototype testing. In this case, the penalty for wrong estimates

in basic system design can involve expensive production retrofit of grounding of aircraft if flight safety

is involved.
- Since the beginning of the TORNADO Project, AERITALIA has been tasked to study and develop

a full scale Fuel System Test Rig.
The necessity for a large project as full scale fuel system testing, can be summed up as r ;liability

assurance and safety of the aircraft.
- As far as possible, all aspects of fuel system management on board the aeroplane have been proved

on the ground and broad tested to give reasonable assurance of satisfactory design, as early as possible

before first flight.
- The fuel test rig results have been compared with both theoretical calculations, and flight test re-

sults.
- It has been proved that a full scale fuel rig has reduced to a minimum the time required to clear the

aircraft first flight.

- All modifications introduced on preproduction as well as on production aircraft have been fully te-

sted and the results were as predicted. Furthermore tests were performed to back up flight test results.
- The work carried out on one of the most sophisticated fuel system has fully demonstrated the neces-

sity and importance to manufacture a full scale fuel system rig and the need for a complete integration of

the work of Technical Department, Test House Dept., and Flight Test Dept.
- Particular attention has been given to the test data acquisition system with the purpose to display

visually, to record and to log fuel test re.iults such as pressures, flows temperatures, angular move -

ments. currents and voltages under static and transient conditions. The above is in addition to the stan-
dard aircraft fuel pressure fuel flow and fuel quantity gauging system.

- On studying and finalyzing this test data acquisition line, efforts have been made to adopt latest tech

nologies with capable and high value test equipment in order to obtain reliable fuel rig results.
- Specific flight tests have been carried out on tLe Tornado aircraft during hot weather trials to eva-

luate the heat rejection from the engine into the fuel used as a heat sink.

- Parameters such as flows, pressures and temperatures of lube oil and fuel were measured at the

fuel cooled oil cooler inlets and outlets as well as in the fuel recirculation line, and compared with both
theoretical calculation and rig testing.

The analysis has demonstrated a good correlation bctween the results obtained in flight and the results
obtained on the fuel test rig.

- Furthermore, the fuel test rig has been used to back-up and solve malfunctions encountered in

flight and to explore the real limits of the fuel system outside the flight envelope.

It is AIT opinion that the full scale fuel test rig used, has satisfactorily fulfilled its task.

- In terms of time and experieace gained checking out a new system can mean real money saving.
- Initial flight safety is ensured.

- Component failure may be checked by simulation in a manner not possible in the actual aircraft.

- Complete system reliability is verified.

- A basis is established for future design changes.
- System "Margin of Safety" is finalised by establishing maximum limits of performance which would

not be feasible in flight.
- Preliminary calculations could be verified.
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Whilst the fuel test stand is not the answer to all the problems of fuel system design, it is certainly a
good instrument for finding those answers.

- In the next pages the following will be briefly examined:
- the fuel system under investigation
- the test house capabilities
- the slave system
- the test house instrumentation
- the flight test department instrumentation
- brief analysis of tests carried out.

2. FUEL SYSTEM SCHEME

2. 1 Fuel System Description

The fuel system as shown in (fig. 1) has been designed to meet the performance and requirements
of a Stol aircraft designated TORNADO.

The system consists basically of a number of fuel tanks, (fig.'2) an engine feed system, a transfer
system, a refuelling/defuelling and dumping system, a vent and pressurization system, a cooling system,
gauging and flow metering system.

Under normal operating conditions no action is needed by the pilot to sequence the fuel usage out
of the various internal or external fuel tanks. Once the engines are started and the aircraft is ready for
take-off the internal and external fuel of the aircraft is transferred and pumped to the engines automati-
cally.

Normal center of gravity control is maintained by feeding the engines separately from the two main
fuselage tank groups. Should there be a need, it is possible to adjust the centre of gravity by manual o-
peration.

2. 2 Engines

Each engine is normally fed from its own main tank group ov double ended AC motor driven boost
pumps. These pumps are installed in collector boxes.

Two parallel switched boost pumps are provided to supply one engine in normal cases. In the event
of one boost pump failing the remaining pump is capable of delivering the maximum reheat flow at sea le-
vel standard conditions (i.e. Take-off).

Therefore one boostpump or two boost pumps inoperative will not affect the aircraft safety.
A cross-feed valve between the engine feed lines will be opened automatically when the fuel low le-

vel signal is activated.
The pilot has the capability to override the low level signal to the cross-feed valve. With the

cross-feed val.re open, both engines will be supplied from both tanks simultaneously, or, in the case of
complete fuel loss of one main tank, both engines will be fed from the remaining tank or, in the case of
single engine failure, one engine from both main tanks.

Check valves in the engine feed lines prevent reverse flow from the cross-feed manifold and possi-

ble loss of fuel through a severed engine feed line in a battle damage tank.
The engine feed lines are isolated from the engine bay by electrically operated fire wall shut-off

valves.

2. 3 System cooling

The peculiarity of the system described is that the fuel is used as heat sink to cool the aircraft sy-
stem and this was one of the major tasks we had to face.

The cooling system is required to cool the aircraft system, i.e. hydraulic oil, the gear box, CSD
(Constant Speed Drive) and APU (Auxiliary Power Unit) oil and engine oils during flight and ground opera
tion of the aircraft.

There is one cooling system per engine feed system. Fuel has been used to maintain the oils at ac-
ceptable temperatures.

The aircraft system is cooled by an integrated heat exchanger. The heat exchanger is designed
such that the hydraulic oil and gearbox oil are completely separated.

Under condition of low engine fuel consumption the fuel flow is insufficient to dissipate the heat in-
put of the system without exceeding the acceptable engine inlet temperature.

Fuel flow through the engine feed systems is increased by opening a recirculation valve which al-
lows fuel to return to the tanks from a talpping downstream of the engine oil cooler. This recirculated
fuel is cooled before returning to tanks by a ram air heat exchanger.

For cases with still relative hot fuel temperature of the heat exhanger outlet a fuel jet pump is provi
(ied to mix the recirculating fuel with tank fuel before the fuel enters the tank.

The system is shown diagrammatically on fig. 3.

2.4 System Function

The maximum acceptable temperature of the fuel at the engine lip fuel pump outlet is 150'C. This
temperature has been taken as the design criteria for the fuel cooling system.

To maintain the fuel temperature at the 11P fuel pump outlet a recirculation system is required. This
recirculation is taken from the lIP pump spill flow and controlled by a temperature controlled fuel recircu
lation valve. In order to prevent the allowable fuel tank temperature to be exceeded an air cooled fuel
cooler and a fuel jet pump are installed in the recirculation line.

!&
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The fuel outlet temperature of the tank has been controlled by telemetry during flight testing.
A second recirculation line comes from the reheat control system back into the main feed line up-

stream of backing pump.
This flow is a reheat servo flow, using the boost pump delivery pressure as back pressure for the

control unit and is primary a cooling flow of the vapour core pump sealing and actuators.

2. 5 Ground Operation

During stand-by the APU, the starboard gearbox, part loaded generator and unloaded hydraulic
, pump are running. The APU fuel consumption is too low to cool the aircraft systems by rejecting the heat

into the consumed fuel and a recirculation system is therefore employed.
Tank fuel will therefore be heated and the stand-by time limited by the maximum tank temperature.
The recirculation change over valve is in this case in ground operation position. The required

cooling fuel flow will flow through the open connection between main and recirculation line. An air ejec-
tor driven from APU bleed air is provided to suck cooling air through the air cooled fuel cooler to cool
the recirculation fuel and therefore increase stand-by time.

2.6 Tank Temperature Increase During Stand-by and Flight

An example of tank temperature increase during stand-by and flights is shown in fig. 4,. For a stand-
by case of 4 hours the ambient fuel temperature at the beginning shall not exceed 29' C so that the fuel
temperature inside the tanks after alert time will stay below 50*C.

The flight case shown is one of the design case for the air cooled fuel cooler. For take-off and
climb it is assumed that there is no fuel recirculation to the tanks, due to the higher fuel consumption of
the engines.

Figure 5 show the temperature distribution of the fuel system (luring stand-by.

3. FUEL TEST RIG FACILITIES DESCRIPTION

3. 1 Fuel Test Rig Building

An adequate Test House has been provided to contain the fuel test rig, its instrumentation, control
and power supplies and to accomodate its attendant staff.

The test room 30 x 30 mt. with a useful height of 18 mt. is equipped with the movable platform car-
rving the fuel rig dummv structure. The test room is provided with a 5 tons crane, driven from the
ground, capable of servicing all the 900 SQ. MT. of the testing area.

The floor centre part of the test room is provided with rails buried into reinforced concrete,
which allow the fixing of the two stout stanchions of the rig.

The test area is provided with adequate network of underground passages to allow collection and
conveying by gravity liquids to a suitable external tank (leakage or pooring of fuel, etc.).

With the purpose to avoid fuel vapours remaining inside the test house, a thermoventilation plant
is provided, this installation allows 4 complete air changes per hour and maintains a constant small over-
pressure towards the building external pressure.

A fire extinguishing system is provided in the test room which could be manually operated or automa
tically ignitiated through vapour concentration sensors placed in differents appropriate positions.

In the main building under-ground rooms (30 x 10 mt) are installed the central heating and control -

room-air-conditioning systems the electrical main power transformer; the electric motors and genera-
tors driving the first ctage pumps; the hydraulic power generation for the rig movements; and the emer-

.o gencv electric power generator capable to ensure essential services in emergency or black-out case.
The control room is placed at a higher level than the test room with the purpose to have a complete

view of the test rig and its associated equipments through large window panels.
* The control-room is air conditioned and noise protected, it contains the control panel,the failure

simulation panel, the data processing and recording devices with the relevant interface components.
Figure 6 gives an indication of the test house dimension.

* 3.2 Test Rig Structure

It can be seen from fig. 7 that the test rig structure consists of two stout stanchions where, by
means of two oscillating roller bearingsrests an horizontal beam having two cranks at its ends.

In the middle of the horizontal beam is positioned the rotating platform. The movement in the hori-
zontal and vertical plane or any combination of both, allows the positioning of the aircraft dummy struc-
ture in any required position in pitch and roll, including inverted flight.

The peed rotation in the roll axis permits to reach the inverted flight attitude from level attitude
in 30 second.

The test rig movements are obtained by means of hydraulic system and reduction gear.

" 3.3 Aircraft Dummy Structure

Every effort hag been made to simulate the shape, the relative position of each accessory, the pi-
pe routing and the Aircraft fuel tanks internal bays.

All components and pipes are the same as the ones of actual aircraft.l he complete fuel system with
both wings external tanks (under wing and under fuselage), vent and dump line routing, engine feed and
in flight refuelling lines are provided.

The dummy structure is composed of a welded steel supporting structure reproducing the centre fu-
selage and the fin; the wings are made of light alloys components machined and assembled in the same
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way as for prototypes.
The wings are connected to the wing centre-box through a pivot allowing the wing positioning at

any required sweep angle.
The connection of the dummy structure to the movable platform is obtained through an adapter.

Fig. 8 shows the dummy installed on the adapter.

4. SLAVE SYSTEM DESCRIPTION

4. 1 Fuel System

Low and medium pressure fuel subsystem of the complete fuel system of the aircraft up-to engine
inlets are practically identical to the aircraft actual ones.

All components, pipes routing and different equipments are the original ones and are installed as
they are on the aircraft.

The simulation of the engine fuel consumption is obtained on the fuel test rig through a slave sy-
stem which will be described here after.

4. 2 Engine fuel consumption simulation

The engines fuel consumption modulation is obtained by means of special servo-valves installed
along the engines feeding lines.

A servo closed loop in each servo-valve incorporating a flowmeter gives automatically the requi-
red connection to maintain the fuel flow at the desired value.

Monitoring and flow control is done in the Control-Room.

4. 3 First stage pump driving system

Three machines axially coupled on a unic steel supporting frame (one squirrel cage three phase asin
cron electrical motor and two 3 phase syncron brushless generators) supply the power for the d.c. mo-
tors of two conversion groups.

Each of these groups, made of two axially coupled machines comprises a d.c. motor with separa-

ted excitation, complete of counter dynatno, and a three phase syncron generator to supply the First
Stage Pump driving motors.

Each of these motors absorbs a maximum power of 15 Kw, with a peak torque moment of 6,5 Nm and
are able to accelerate from 6000 RPM to 14000 RPM in 5 seconds.

The variation of the angular speed of the driving motor is obtained by means of a lever placed on
a panel in the Control Room close to the Engine RPM indicator.

4.4 Heating & cooling simulation on the dummy

The simulation of the heat load on the engines fuel feeding lines is obtained feeding the actual air-
craft fuel cooled oil cooler with hot oil, which will transfer into the fuel the required heat loads.

The simulated engines heat loads in the recirculation and servo-reheat lines is obtained via two

special designed heat exchangers.
The temperature of the oil feeding the above heat exchangers is automatically regulated as a func-

tion of the fuel temperature at the heat exchanger outlets, in order to guarantee within narrow toleran-
ces the preselected fuel outlet temperatures.

The block diagrams of the above systems are shown in fig. 9.
The air cooled fuel cooler is activated by an elector which simulates the cooling effect on the re-

circulation lines both on ground and during flight.
he air flow is controlled from the control room.

4. 5 Refuelling and Defuelline

The system has T,en realized with the purpose to simulate refuelling and defuelling of the aircraft
as well as fuel retur to the external store tanks.'

The refuelling system is capable to refuel the aircraft at any desired flow and pressure up to
380 KPa (55 PSIG) at the airplane refuelling connection. Furthermore one of the external store tank is

capable to heat the fuel up to 60°C.
In a fenced protected area outside the test house two cylindrical fuel tanks are placed each with

a fuel capacity of 22000 liters. One of the coibented tanks is used to heat the fuel up to 60°C. via an in-
ternal coil heated with hot water. The heating system is provided with relevant thermostats hot water
shut-off electrovalves, temperature probes-temperature indicators - etc.

The system is capable to heat the fuel by means of a double heat exchanger. between over-heated
steam and water in a first stage and between water and fuel at the second stage.

The driving and regulating panels of the heating system complete with all relevant control and sa-
fety Instrumenitation, i located in the suitable concrete building in the external store area.

4.6 Refuelling line

This supply line is provided with a centrifugal pump (driven by an asyncron three phase motor)
having a max. outlet pressure of 920 KPa, (133 psi), in order to ensure the fuel delivery to the dummv;
on the same line a basket filter and a microfilter separator foreseer, for a maximum flow of 2,",) It Imin.
(4x) C. P. M. ) are installed in series; furthermore a flow regulator and a pressure regulator are instal-
led which allow at the single point pressure refuelling connection, values betwecn 70 KPa and 380 KPa
(5 t_55 1'. S4.1..
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Return Line

Two interconnected return lines are provided for fuel collection connected to the delivery pipes,

by means of gate valves, which allow the fuel circulation without involving the aircraft system. On the

return line a suction pump is installed,driven by an asyncron motor usually controlled by suited level

sensor duly located in the consumption collection tank inside the Test House. In emergency case it is

possible to control such a motor manually.

4. 7 Engine Consumption Collection Tank

At the inside of the Test House the engine simulated fuel consumed is collected in a suitable 3000

liters capacity tank positioned on a precision balance, thus allowing fuel weighing operations each time

this is requested for test purposes.
In this tank, level sensors are positioned controlling automatically the engine driving the suction

pump.

4.8 Measuring Group

Inside the Test House a junction box is provided between the mock-up and the external area, where,
near the deaerator filter group, a volumetric flow meter and a totalizer of the fuel flow are positioned.
In the same zone a control panel is installed which is comprehensive of the various indicators and push
buttons for pumps starting and representing a partial repetition of a similar panel placed outside

building.

5. TEST DATA MEASUREMENT CONCEPT

The Test Data Measurement Concept has been developed on the basis of 'rest Information Sheets"

for ground testing, System Specifications and direct information given bv the system engineers.
The types and number of parameters to he measured are dictated mainly by problem areas to be in-

vestigated and by the requirements and results of the individual tests.

5. 1 Description of the Test Instrumentation

The most important requirements of the test instrumentation are the following:

- all the functions of the system describing signals must be measured aInd recorded.
- The instrumentation equipment must not influence the system under test.
- The reliability must be as high as possible.
- Influence of the environment (temperature, shock, vibration, noise, etc:) on the signals must be

negligible.
- An easy maintenance, calibration and handling of the whole test instrumentation is required.

5. 2 Parameters to be measured

The following parameters are to be measured during each test:

- Pressures

- Flows
- Temperatures.
Their positions, the maximum value to be measured or their ranges have been carefully evaluated

and positioned according to the fuel system scheme and are the same that have been used during flight

testing.

5.3 Transducers Specification

5. 3. 1 Pressures

For measuring purposes of slowly variable pressures, linear variable differential transducers
have been used, providing an electrical linear output, corresponding to the applied fluid pressure.

A suitable transformer is built-in into the housing of the transducer with the purpose to allow

transmission of the output signal in D.C. form, which is indipendent of capacitance, inductance and ca-
4l ble lenght.

The transducers operating characteristics are as follows:

Static error band 0,2% F.-. S.
Excitation supply 8v. RMS; 8,5 KHz
Analog output 0-5 V D.C.

Ambient temperature 10* - to 400 C
Temperature range of fuel up - to 200

° 
C

Temperature coefficient 0. 003% F. S./* C

For the pressure transient measurement requirements, strain-gauge transducers are used, allow-
ing up-to 1000 lIz frequency response.

5.3.2 F low

Flowmeters having the following characteristics have been used:

Repeatability Better than + 0,0954

Accuravy Better than 1 0, 50% reading 2
Minimum operating pressure 10 30 P. S. 1. (69 * 207 KN/tm)

Operating temperature range O*C # +200*C
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2
Pressure Drop 4 P. S.1. (27. 6KN/m 2 )
Response time Better than 30 ms.
Max operating pressure 3500 P. S. 1.

5.3.3 Temperatures

Temperatures have been measured by means of copper-constantan thermo-couples, having an error
+ 0,4% reading.

5.4 Interface concept and data processing

KThe data acquisition and interface concept, which is used on the rig consists of an analog circuit
which, through a programming board, is connected to analog recording equipment and to a digital circuit
for data processing.

All the pressure and flow transducers have their individual meter display. The system is designed
in such a way that a rapid exchange of channels by means of programing board is possible.

5.4. 1 Measurements and recordings

The output signals from the single transducer are read in engineering units (pressure in P. S. 1. G.
flows in LBS/HR, temperature in 'C) on pointer instruments and are recorded both by means of ink or
U. V. recorders and by means of a data logger after their conversion into digital form.

The use of the ink-recorder or U. V. is not extended to all parameters or all interested channels
in a single test.

However, a programming board has been foreseen, to allow a complete flexibility both on the chan-
nel choice and parameters to be recorded and on the choice of the type of analogic recorder (ink or U. V.
recorder).

5.4.2 Pressure and flow channels

All the fuel test rigmeasurements,carried out by transducers, are arranged in such a way to measu-
re accurately high pressure transient, low working pressure and flow.

Each transducer is separately connected to its own supply, calibration and display unit.

5.4.3 Signal conditioners and indicating instruments

They are adequate to satisfy the requirements of compatibility, sensibility, stability, and respon-
se of the whole channel of data acquisition.

Indicating instruments are adjusted into engineering units. Their reading scale is circular within an
arc of 250'.

5.4.4 Analogic recorder

The multichannel recording for pressure and flow measurements is guaranteed by the following in-
struments:

- Ink-Recorder type, actual time, for frequency response up-to 50 Hz
- U. V. Recorder, immediate self developing type, for frequency response up-to 1000 Hz.
- The multichannel point recording, which is limited to the temperature measurement , writes di-

rectly on paper.

5.4. 5 Data Logger

The data logger has been foreseen for digital monitoring and recording of pressure, flow and tem-
perature signals.

The data logger includes:
- Digital indicator to visualize all the test parameters in engineering units.
- Scanner to preselct the measuring points with a split possibility.
- Ink printing on paper.
- The possibility has also been foreseen of printing the data, running time, type of test and all

other elements necessary to a better clarification, bv means of a key board.

5.4.6 Results presentation

Upon completion of each test a report including the description of the test carried-out, of the rig
and of the instruments used is issued for system engineering analysis and evaluation.

The data acquisition system block diagram is shown in fig. 10. The parameters measured
number is indicated in fig. I .

6. FLIGIIT TEST INSTRUMENTATION

6. 1 :oreword

The evolution of instrumentation system from the 1950's to the present, reflects quite a big amount
of radical changes. Instrumentation system designers are utilizing tools and capabilities not imagined
only few years ago.

Simultaneously with the evolution of instrumentation systems a computer technology evolved. Ana-
log tape recording replaced oscillographic and graphic recording using the pulse duration modulation
(PDM) encoding technique for time division multiplexing of quasi-static data and narrowv band frequency
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modulation (NB-FM) for multiplexing of higher frequency data.

Telemetry supplemented these basic recording, system by transmitting data via FM radio links modu
lated with the NB-FM carrier with these advances, data was recorded on tape which could be edited,
converted to digital form, and recorded in a computer.

Within the last years hybric systems and derivatives of frequency multiplex systems have become
available; however the primary means of airborne data acquisition continues to be Pulse Code Modula-
tion (P. C. M.') and FM systems for telemetry and tape recording.

Increasing use of airborne mini-computers now permits the reduction of data on board during test-
ing, lessing the amount of data recorded or telemetered, and making possible the selection data for istan
taneous display to the test crew.

Data processing ground stations have become almost fully automated and offer great flexibility in
adapting rapidly to changing requirements.

The evolution of thi- philosophy of testing reflects the increasing complexity of aircraft and the
stringent requirements of flight testing.

6.2 Airborne Flight Test Instrumentation System

With the purpose to use a centralized data acquisition system reducing to a minimum the cable num-
bers coming from the transducers, it has been adopted a project which uses standard wiring interface
box (S. W. 1.) in different aircraft zones.

From each standard interface (S. W. I. ) box a cable loom connects the transducers to the signal
conditioner switching and amplification boxes (S.C. S. A. B. ) of the data acquisition system.

The total number of cables connecting S. W. I. to the data acquisition system is equivalent to the
channels total capacity of the system. The S. W. 1. are installed in the front fuselage, in the cockpit, in
the centre fuselage, in both wings right and left and in the rear fuselage.

All transducers are wired from the installation point to the nearest S. W. I. - being the S.W. 1. pro-
vided with 5 poles connectors, the transducers required for a specific flight test phase could be connec-
ted into one S. W. 1. channel thus allowing the possibility of pre-flight programming.

The connecting cable from transducer to S. W. I. box and to the data acquisition system is a 4 po-
les shielded and twisted cable.

In all cases in which -ignal conditioningis required adequate signal conditioners are installed
near the transducers.

The sampling rates of the individual data channel- can be programmed in binary relations as fol -
lows: I - 2 - 4 - 8 - 16 - 32 - 64 - 128 - 256 sampling per second (S. P. S.) the word lenght is 10 bit
plus parity and the -vstem capacitv is normally 4096 words/second.
For pulse code modulation (P.C. N. ) and to provide an output for analog recording n' 6 S.C. S. A. B.
are pro-ided on the aircraft. Each S. C. S. A. R3. contains a maximum of 64 signal conditioning modules,
necessary amplifiers and analog multiplexing.

Each S. C. S.A. B. is connected to the central oontrol Unit. Furthermore from each S.C. S.A. B.
up to 16 channels could be derived which could be connected through a programming panel to the analo-
gic recorder system.

Each S.C. S. A. B. is connected to n* 3different feeders, one feeds the conditionner, one sends
the registration signal to the transducer connected to the signal conditioner and one feeds the recording

voltage for special transducers.
N* 3 different types of signal conditioners are provided with inlet voltage from 2 niV full scale up

to 40 V.
It is possible to connect internally to the signal conditioners some components with the purpose to

complete the transducer circuit (i.e. inlet voltage regulator) furthermore the possibility to connect re-
sistances for zero as well as sensibility calibration is provided.

Excitation of calibration circuits ir obtained bv means ofa S.C. .A. B. calibration box, which
could b. installed on board the aircraft or used as ground check unit.

'he C. C. Ul. of the P.C. M. system uses a memory unit to store the programme and supply the maxi
mum flexibility for data "formatting. It checks the gain, the off-set, and sampling of the S.C. S. A. B.
output data, conditions and samples 24 x 10 bit parallel inlet, up-to 16 inlet frequencies and 4 inlet pe-
riod measures.

A remote control uut is connected to the central control unit with the purpose to transmit special
data such a flight number, date, pilot number and to select 3 different speed of the central control unit
and start to discharge the memory content of the C.C. U. on magnetic tape.

rhe measurc unit is nornial[v programmed by iieans of a punched paper tape or byr a type writer. The
same type writer is used to write the memory content having the purpose of check; with the memory unit
tle sampling spdee are programinied, off-,set and signal conditioner gain, sampling speed at the period
irlet, parallel digital input and P. C. M. format.

Analogic signals recording, with frequency up-to 2CX)liz is obtained by a constant band with multiplex
F. M. system. The svstem capacitv is limited to 21 channels, 20 of which are used for data and one has

i check function.
The inlet signal conniitionnln to the multiplex F. N1. signal is obtained via the P.C.M. system si-

gnal conditionner.
I"he parameter coy n.,tion to hemiltiplex F. N1. svstem is obtained via the S.C. S. A. 13. output ana-

logic stnals and the prormming panel.
An na logic signal oelector permit programming up-to 6 groups of 21 analogic signals to be sent to

the multiplex F. M. system. Grou1 selection could he done bv fhe pilot during flight tests.



All measures obtained on board of the aircraft are recorded on a magnetic tape through an analo-
gic magnetic tape recorder.

[The recorder is a standard IRIG 6 speed, 14 channels able to record the following information on
5 separated path.

- I - P.C. M. system output in serial form
- 2 - Multiplex F. M. svstem output

-3 - IRIG A & B coded timing
- 4 - Crew voice
- 5 Control signal
The remaining 9 path are utilized to record whatever high frequency measure is needed. The si-

gnal conditioning is obtained similarly to the multiplex F. M. system signals. A codified time generator
used to s ' ncronize different data flow is. a part of the data acquisition system. The generator sends an
IRIG A or T3 codled time signal for magnetic tape recording and photographic machines svncronization.

Pilot signrals are totalizod in thle codified time informiation to be recorded on the P.C. M. system.
In addition to the data acquisition sYstemi photographic machines are used to film external carriage

release, :oc:kpit indicators, etc.

6.3 Ground Station

[he Aoritalia telemeotry ground station has been set up for the Tornado in flight test progrrme
according to the latest in flight test instrumentation technology.
it.-sically it consists of:

r ~ - real time on line idata systemn
Real time onl line telemeotry data acquisition and processingo svstems which reduces by approximnatelv
ocir third fli 4ht test I itlim

- Data svstemvs
The airborne dlata acquisitioni system alreadY described in dletails in the preceding paragraph comipri-
SOS

-tuneo and freqluency inulti plexing technique
-timling systeml

-datta recording,

- telemeotry datta transttii ~sion
- Croujid station
The g-reunid telemeotry data processing station comprises
- tooem r trackIig and receiving
- datai recording
- dat a dl modu lation and ii eomtiutat ion
- calibration and data processing

- cont rol rooin di splay
Th'le block diagrain presenitedi in the fig. 12 indiicate., thle floex intermtatitoni realized] itt AlT.

7.TORNADO [IESTING AND) TEST ING PHIILOSOPHIY

Oneti of the Tornado preo)roductiotl aircraft s carried out hot weather trials in Sutmmecr timtte in Sa rli -
nlia ill 19)78.

Main pu rpose s hesile- others, we re the on% irorneint a I vstoeni test tig, and thle heat roe lmion inea su
rertlent.

* A ~sati stfactorv 0% a 1uat ion 01 thle flih tsdaa with respect to the float loads is only pos sible if
there -r re sta hi Ii .ed cotnditiotns over it into range of' several minutes du ring a certain ~ig2ht pha se. Tak-

trig, thlis poit in con siderat ion Setme flights have been s;elected for thle anali anig others because of
it abient tiierature (take elf- landing).

In addition to Ilighit tests an alert statid-by lias also been oyattiunod to shio\ correlation hera eon Cal-
-ud itten, Rig me-i atnd 'lrh est.

5 ~ ~ The puirpose of tilts colpfa risen is to updlate the heat oectioti Tiathertiatical titodol in order to he able
4 ~ ~~ :, e [ripolat e teo fi glt atid g roundi test re sul ts obitained iti peculia r env ironileri conditions, to the

ftill range , of tilie flight emivelope atnd tliorefore to evaluate thle capability of the fuel systemn to fulfill tile
tie I telilperain re Iittiitatiott.

I ho c em porote , of tlie iriframio and oit tlie engine which have aii influence onl lie performnrc e of the
fuel oil cohtig svstetiniare listed below

- bet p11imp1
F irst stagoe Iltilp

-Air cooled lfuel coeher (A. C. l(
- llcel':oo oil coelor (FI. C .0. C.

FIgitie etI cooler
-Recircitlatien control valve (R.Ct. V.)

For ok alitatieri purptoso's the hecrein after Ilight test irnstruitmentatiotn paratrietors wore uisedh
-Ilyd. il temnperature, F. C.0. C. inlet
Slvii. oilI temptlerature, F.Cl . C. emitlet

-S. 1. . oil tommperatrire: F. .0 ml

- ,P ~ il toitrperatlire F..C. out let
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- Engine oil temperature, E.O.C. inlet

- Engine oil temperature, E.O.C. outlet

- Air temperature in S. P. S. bay

- Outside air temperature
- Fuel temp. B. P. outlet

- Fuel temperature F. S. P. outlet F.C.O.C. inlet

- Fuel temperature F.C.O.C. outlet

- Fuel temperature E.O.C. outlet

- Fuel temperature (Fuel Control Unit) outlet
- Fuel temperature A. C. F. C. inlet

- Fuel temperature A.C.F.C. outlet

- Fuel temperature, reheat servo return line

- Fuel Mass flow engine consumption

- Fuel Mass flow recirculation line A. C. F. C. inlet
- Fuel Mass flow reheat servo return line

- Engine rotor speed in percent.

To perform the calculations it was nocesary to make some assumptions concerning data not yet

measured on the aircraft i. e. :
- the hydraulic oil flow has been assumed to be average leakage flow

- the S. P. S. lubrication oil flow has been assumed to be the supplier suggested flow.

Some doubts about the reliability of hydraulic and F. P. S. oil flow figures appeared and it was dif-

ficult to measure the hydraulic oil flow on the aircraft, and worse were the possibilities to measure the

S. P. S. lubrication oil flow because of aeration of the oil.
The influence of these errors on the calculated heat loads, for the hydraulic system is small spe-

cially during stabilized flight conditions, but revealed some importance for the secondary power system.

Reasons to mention the above are to indicate the difficulties we had to correlate calculation with

testing.

To calculate the fuel side heat rejection of the E. 0. C. and the heat load of the gear pump engine,

manufacturers reports were used.
A constant lube oil flow was assumed to evaluate th

- 
oil side E.O.C. heat load. The specific heat

of the engine lube oil was assumed to be equal to that of the S. P. S. lube oil.

7. 1 Inaccuracy of the Evaluation

The inaccuracy of measurements with thermocouples is about 
+ 

2% of full scale deflection, that of

flow meters is about 
+ 1%.

The flight test data, used for evaluation, are taken from the telemetry traces. The reading of these

traces is inaccurate by less than t I%.
The measured values have been taken from points of traces near the end of stabilized flight phase,

where thev can be well read.
Upon completion of the examination of the results of the calculation with the data obtained from te-

sting we are in a position to give a summary of the results of the above analysis considering step by

step each point of the circuit.

F. S. P. The heat load is significant below the expected values, based on test rig measurement.
The reason for this is unknown, but the inaccaracv of temperature measurements

may explain the difference.
F. C. 0. C. The heat load measurements on the fuel/oil side shows that tfe S. P. S. oil flow must

be larger than the one assumed. Moreover also the S. P. S. heat load is larger than

predicted, whereas the hydraulic heat loads are less because of the stabilized flight

phases analized. The total heat load, given via F.C.O.C. into fuel, is in most cases
larger than calculated data (fig. 13-14- 15-16).

CE.0. 0. A comparison of the engine heat load measured on the fuel side with those on the oil
side demonstrates that the oil flow must be smaller than assumed below 95% engine

R. P. M. and larger beyond 95%.

Comparison between aircraft flight test and calculation shows that actual engine heat
rejection is larger up to 10 KW at engine RPM 95%0 and in agreement at engine

speed 9, RPM

GEAR PUMP The heat load of the gear pump is less in gener al by about 3(Ye than predicted,

which i. in fact confirmed by rig test results of two pumps of same standar
A. C. F. C. The cooler performance data during flight tests are better up to 3 Kw for aircraft

speed M 0, 5and worse up to 2 Kw M 0,.5.

R EI EAT SERVO RETURN FLOW I his flow was measured the first time on the aircraft. The va-

lueos are slightly below the predicted values

S.P.S. AIR TEMPERATURE It was found to be at linear relationship of the S. P. S. by air

temperature and the flight altitude and engine speed: the higher the speed and the

lower the altitude, the higher the temperature.

In conclusion, the tests carried out both on the fuel test rig and on the aircraft during hot weather
conditions have given the posibilitv to introduce the necessarv modification on the fuel system well be-

fore the first production aircraft flight. [lack-up tests on the rig, following aircraft fuel svstem malfunc-

tion in flight have allowed the ergin, ors to introduce immediately corrective actions. In more details:
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- Knowledges concerning engine, gear pump and reheat servo return flow gained by aircraft test
flights have shown to be valid for production standard aircraft.

- Engine heat loads data have been changed by engine manufacturer based on aircraft flight expe-
rience.

- Analysis have shown a good agreement between aircraft data and calculation with new data.
- Aircraft flights have shown that the inputs for performance calculations have to be changed, to

obtain a more accurate evaluation.
- Oil mass flow in S. P. S. and engine, used for calculation, have proven to be unreliable, as

comparison of oil/fuel side measurements have shown.
- The oil flow data must be corrected and rig work concerning oil flows and heat rejection must be

investigated.
- The above statements are confirmed by computer analysis, the computer programme is able to

simulate flight mission realistically. The assumed time constant, to calculate oil temperature
changes must be improved to fit the programme inertia to reality.

- From the preceeding documents it appears that the philosophy followed by Panavia in conducting
the fuel system project, calculation and testing has given a valuable methodologv which could be
used in future programs.

- The iterative processus followed i.e. calculation, ground testing and flight testing has demonstra
ted that the correlation between inputs and outputs is good and thc confidence level gained shows
that the mathematical model is representative of the actual system behaviour.

- The instrumentation used both for ground and in flight testing being at the latest state of the art,
has remarkably decreased flight test costs to investigate the specific system behaviour (same
flight, different system data transmission and recording).

- The effort produced by Panavia to shorten time for flight tests and to introduce immediately mods
required by systems to obtain the best from them has proved to be satisfactory having followed
the above procedure.
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ADVANCES IN LANDING GEAR SYSTEMS

N. S Attri
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Seattle, Washington

It may appear that landing gear has changed very little since the early days of

aviation. Other than a similarity in appearance, much has however, changed. This
paper provides a fond look at these changes and provides a status of landing geartechnology.

To develop perspective, perhaps one can begin by a ground air ground cycle concept.
Airplanes undergo taxi (ground roll at slow, medium to high speeds), take off and after
the mission return to land.

During taxi, tires play a vital role in supporting aircraft weight, undergo tremendous
dynamic load, provide steering at low speeds, assist steering at medium to high speeds,
transmit loads to runway without sinking or tearing runways and without getting
destroyed in the process, and provide economic life. If one should need asymmetrical
control, brakes come in handy.

During the high speed taxi or before take off, should it become necessary to refuse
take off, the brakes play a vital role in stopping the aircraft. Upon return to ground
the brakes again play a major role in stoping the airplane safely in desired distance.

During landing again tires play a role as a part of shock absorption system and brakes
assist braking and starting. The process of braking involves interaction of more than
tires, wheels, brakes and the landing gear structure. The tires would normally lock up
as brakes are applied. A device called antiskid was developed to prevent wheel lockups.

As the size of airplanes grew, the number of tires, brakes and the design of bogies
grew more and more complex. Airport runways had finite length 6000 - 12000 feet,
depending on traffic, size of aircraft etc.

The large number of people travelling during rain, sunshine, cloudy/windy, snow and
other weather conditions expected a safe travel so the braking system had to become
much more efficient.

The shock absorption during landing had to be smooth, the taxi ride also had to be good
during ground roll.

All these features had to be provided at minimal cost, weight and complexity. The
latter aspect is important so that the system could be maintained through years of
service.

.. As the system started to become sophisticated, some problems arose, such as brake
chatter/squeal, landing gear walk, truck pitching and landing gear shimmy.

This paper provides a status of development for some of the hardware components and
describes the system evalution and addresses the problem of validating expected
performance. The matrix chart (Figure 1) shows a relationship between functional
landing gear sub-system and the hardware components The interaction between
components and functional subsystem will be discussed during subsystem discussion.
Other subsystems and problems discussed include:

o Antiskid system/automatic brake system

o Aircraft steering and ground handling
o Shock absorption, ride comfort and rough runway operation
o Brake squeal, truck pitch, shimmy

WHEELS & TIRES

No attempt is made to provide detailed discussion on wheels or tires as these
components find considerable discussion in popular literature and supplier proposals.
The following comments are in order for wheels.

What is on the Horizon for Aircraft Wheels

Continued heavy dependence on forged aluminum wheels is foreseen. Steel wheels are no
longer given serious consideration, and titanium wheels, while practicable, are still
quite expensive. A graph of cost per roll-mile for aluminum and titanium wheels
illustrates the advantage of aluminum wheels (Figure 2). The industry can, however,
furnish wheels fabricated of titanium if the operator will accept the higher initial

-A- -- -
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cost. Most of the premium for titanium wheels results from the expense for the forging
itself. Current quotations for titanium, closed-die forgings ate 10 to 11 times those
of forged aluminum material. Another problem is the present state-of-the art of
titanium forging tolerances. No one has been successful in producing a titanium
aircraft wheel forging with the precision obtainable from an aluminum forging.
Machining of all surfaces is thus required to control weight and obtain the desired
form.

The aircraft tires carry out many functions as will be discussed in the ensuing
sections of this paper. The tire static and dynamic properties play a significant role
in optimizing landing gear system performance. Tabl 1 shows some of the tire
properties. No suitable source exists for dynamic properties of tires. NASA-TR-64 is
perhaps the best available source for static propert'es and is widely used by landing
gear designers.

BRAKES-CURRENT STATE-OF-THE-ART

Brake Description

The conventional high performance aircraft brake consists of multiple friction discs of
alternate stationary and rotating members. The rotating elements (rotors) are keyed
loosely to the wheel to allow axial movement. The stationary elements (stators) are
keyed loosely on the inside diameter to a fixed stationary member and also are free to
move' axially. Brake lining is applied to either the rotating or non-rotating members
as a given design dictates to improve the frictional characteristics. Upon brake
application, the rotors and stators are forced together, causing a frictional drag that
provides a retarding force to wheel rotation.

Figure 3a shows an exploded view of a typical fighter brake assembly. Item 1
illustrates a rotor of the segmented type. Figure 3b illustrates several types of
rotor configurations used in current aircraft. The rotors constitute a large
percentage of the reservoir capacity for the storage of heat generated during braking.
The heat is generated at a very rapid rate, is stored in the heat sink, and then is
slowly dissipated to the atmosphere and surrounding hardware.

Progressive shrinkage, induced by alternate cycles of high heat and subsequent cooling,
result in high residual hoop stresses in a nonsegmented rotor. These stresses,
depending on sign, result in one of two types of distortion. One type distorts the
disc into a conical washer, and the other type produces a wave washer effect. Both
types of distortion are disastrous to the brake, since they eliminate running
clearance. This culminates in a dragging brake which rapidly becomes overheated and
could result in loss of brake capability or a fire.

To minimize this distortion radial slots are incorporated, resulting in partial
segmentation in some designs. Other designs are completely segmented and the
detrimental effects of shrinkage are eliminated.

For most design applications the stator plate is the lining carrying member. The
lining is attached by either riveting cups to the plate or by bonding the lining
directly to the plate. The torque resulting from stator-rotor friction is then
structurally reacted by keys attached to a torque tube (Item 9) which in turn
introduces the torque into the axle flange of the airplane. The pressure plate is the
same general configuration as the stators, but differs in plate thickness. Increased

" .thickness is desirable to insure even distribution of the clamping force, produced by
the actuating pistons, over the entire rubbing surface of the friction discs. Lining
is attached to the one rubbing face of the pressure plate. This plate also
accommodates the return spring pins which, when assembled in the brake with the return
springs, pull the plate back to the carrier when pressure is released from the
pistons. The resultant movement forces the pistons back into their bores and provides
a gap between the lining and the adjacent rotor. This gap assures running clearance
for the balance of the friction stack and eliminates any generation of torque when

• pressure is not applied.

The backing plate (Item 3) is an important structural member of any disc brake. It
provides the reaction to the actuating piston or pistons. Lining is attached to the
surface of the backing plate, adjacent to the last rotor; thus providing a portion of
the overall brake torque. Due to its mass for structural rigidity purposes, the
temperature of the backing plate always remains much lower than stator or rotor
temperatures during any brake application.

The prime function of the carrier (item 5) is to provide the actuating force for
clamping the friction stack for torque generation. The actuating force is created by
hydraulic pressure applied to a single ring-type piston (see items 6, 7, ai3 8) which
is accommodated by an annular groove machined in the carrier. The carrier must be
pressure-tight and rigid. Deflections decrease available piston travel. Item 7 is a
rubber seal to prevent hydraulic fluid leakage past the Piston (item 6) while item 8 is
an insulator to prevent heat From the pressure plate (item 4) from deteriorating the
rubber seal. Other carr.er designs utilize multiple pistons spaced around the
circumference of the brake friction radius.

Four automatic adjusters (item 10) are mounted to the carrier of this brake and
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attached to the pressure plate by means of the adjuster pins. The adjuster provides a
constant running clearance when the brake is released.

In recent years composite c-.bon brakes have made considerable strids. Several
military aircraft such as F-15, F-16, F-18 and B-1 prototypes now have carbon brakes.
These brakes are light and offer long life potential. Initial problems included
oxidation causing sudden loss of strength, moisture causing temporary loss of braking
and high initial cost. The oxidation problem has been minimized, but torque variations
due to moisture and other caused still are a source of problems particularly to system
integration. The rapidly rising cost of fuel, along with rapid strides in composite
carbon brake technology assure wide spread of this type of brakes.

SHOCK STRUT

The primary purpose of the landing gear structure is to support the airplane on the
ground. In addition, it is called upon to absorb and dissipate the landing impact
energy and provide ride comfort during ground operations. The shock absorption is
accomplished by an air over oil shock strut.

The basic weight support function is provided by a compressed cylinder of air. The
volume, cross-sectional area and extended gear pressure determine the static spring
rate of the shock strut. These parameters have a direct bearing on the ride comfort
during taxi. In addition, they determine the stroke during landing.

The energy dissipation is accomplished by forcing the oil through an orifice, whose
area, is made variable through the use of a variable diameter metering pin. The
damping is therefore, a function of shock strut stroke.

Attempts have been made to provide optimum energy dissipation and ride comfort through
the use of dual air chamber struts. Development work is also being done on active
shock strut designs which allow variation of characteristics as a function of its
operating point. The challenge is to develop a system that is as simple and reliable
as existing designs.

STEERING SYSTEM

The steering system consists basically of a hydraulic metering valve, an actuator to
rotate the nose wheels, positional feedback to valve and an input mechanism from the
pilot. The system operates as a position servo, causing the nose wheels to be
positioned according to the pilots input.

The overall steering problem, though, is much more encompassing. The actual turning of
the aircraft is dependent on the weight distribution between main and nose gear tires,
tire characteristics, aerodynamic characteristics and airplane dynamics.

BRAKING SYSTEM DEVELOPMENT

Antiskid systems were originally intended to prevent prolonged skids and subsequent
tire blowouts. This basic role has been expanded to include optimization of stopping
performance under a variety of runway conditions e.g., dry, %, , icy, etc. The
development cycle of a brake system consists of many actions which occur at different
times. The earliest item which gets firmed up is the location of nose and main gears.
The typical r-inge of the center of gravity during operational regime is also fixed.
The-, items determine the main and nose gear landing gear location which have a major
influence on braking and directional control. Other information available at this
stage includes the expected tail size and basic aerodynamic characteristics necessary
for calculation of aerodynamic performance and airplane stability during flight.
Adequate heading control during takeoff in the presence of an engine failure, is an
important consideration and impacts tail size.

The early landing gear design efforts are mainly aimed at configuring a convenient way
tc stow the gear without excessive complexity of linkage, failure modes and incurring
any drag penalties. The system performance can be impacted by early landing gear
design efforts. The gear attachment structure and gear height can impact gear fore and
aft stiffness and weight transfer during braking. The basic configuration and torque
reaction method can influence the truck pitch dynamics. About this time the shock
strut characteristics also become matters of concern. The available stroke is nearly
firm and all that needs to be done is to utilize it to minimize loads under extreme
design conditions. The design sink rate is typically 10 ft/sec for commercial
transports while operational landings seldom exceed 1-2 ft/ sec. The braking system

*could greatly benefit if special attention is paid to the operational regime during the
early trades used to configure metering pins. Special emphasis should be placed on
minimizing rebound.

Once the landing gear configuration takes firm shape other gear components also begin
to be considered. The earliest item besides landing gear structure which receives
attention is the brake since it is a long-lead item. Once developed the brake does not
lend itself to adjustment of its basic characteristics. The primary consideration in
brake development is the heat sink required to meet the kinetic energy requirements
during stopping, bth landing and refused takeoff. This aspect deserves careful
evaluation to assure adequate brake life in service.
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The other aspects which have received little or no attention pertain to the brake
torque requirements and other associated dynamic characteristics. The consequence of
insufficient torque are obvious, so the designer may be tempted to specify an
excessively high torque capability to make sure he avoids the problem. Unfortunately,
the approach can induce a difficult skid control problem on slippery runways (icy, wet,
etc.) The skid control system will be forced to control at extremely low pressures
which may be in an area of the brake pressure/volume curve that is highly nonlinear,
resulting in reduced efficiency. Care must also be taken to minimize the nonlinear
area of the pressure/volume curve to insure satisfactory response in the low pressure
region. The type of brake lining selected can also impact brake dynamics, gear
dynamics and brake control system response. The noise characteristics of the lining
selected should be carefully assessed to assure a squeal and chatter free brake.

The tire is another crucial element which is selected early in design cycle. The
primary consideration is its load-carrying capability during the speed regime normally
applicable for landing or takeoff cycles. The tire specifications provide roll tests
simulating landing, taxi and takeoff loads and speeds. The tests are largely tire
structural integrity tests and very little is known about tire wear, cut resistance, or
its traction characteristics after the qualification tests are complete.

Other considerations in the selection of tire include flotation and stowage
requirements. The traction characteristics are seldom considered. This aspect is
importlnt and requires a careful trade study. A high pressure tire results in
favorable wet runway traction and helps the designer in reducing his stowage
requirements, but it increases tire wear on dry runways and aggravates flotation. A
tire custom tailored for each aircraft provides the best solution. The tendency to
select an off-the-shelf tire is motivated by cost savings in procuring original
equipment and perhaps assuring commonality with other fleet. The problems arising from
such trades seldom justify this penny-wise approach.

With the release -f major landing gear design drawings and specifications related to
tire, wheel and brake, attention now turns to other aspects of the system. The brake
hydraulic system is configured along with the steering hydraulics system. The line
lengths and sizes are firmed up to assure adequate power for various flight controls
and auxiliary functions. This is the time for landing gear designer to make his
requirements known and to receive special consideration consistent with his needs. The
proper sizing of the hyiraulic system at this time will assure adequate system response
and avoid costly and difficult changes later in the development of the system. The
system redundancy, power supplies, indication system and other interface requirements
are also firmed up.

It is now time for release of skid control and steering component specifications. The
discussion of this specification and the role it plays in successful design will be
relegated to a later section so as to provide some discussion of the many variables
which impact skid control performance. Proper understanding of these variables and
their role is an important prerequisite to writing a good specification.

The environment in which the aircraft operates places further constraint on system
design. So far we have discussed constraints imposed on the system during early
aircraft design. These are necessary as the aircraft is mainly designed to be an
efficient flying vehicle.

Among the elements that require consideration are:

1. Runway traction
2. Pilot technique

Runway Traction

The various aircraft may operate into a variety of airfields with commercial operations
involving primarily asphalt and concrete runways. Some commercial operators do operate
into grass and gravel fields. Military operations often necessitate use of quickly
prepared rough-dirt fields. The diversity in runway materials provide a wide variety
of traction characteristics.

Concrete and asphalt runways provide good flotation, runway life aid traction when
surfaces are dry. In the presence of ice, snow, slush, and rain the available friction
capability degrades. In addition, on wet runways a phenomena call "hydroplaning" can
occur. The incidence of hydroplaning can be reduced by selection of suitable tire
design, improvement of runway micro and macro texture and a good runway maintenance
program.

- Poor runway design can result in an almost complete absence of friction at high speeds
on extremely wet runways. This situation may cause a loss of the locked wheel
protection devices which ncrmally assure safe operation. The various studies conducted
by NASA, FAA and USAF have verified this and runways with good traction have been
stressed.

Several new runway concepts are being actively studied by USAF such as porous surface
runways. FAA favors the use of grooved runways. These runways provide a positive path
for water to drain away and thus offer higher traction under similar rain condition. A
good maintenance program is considered integral to any of these concepts. In the
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absence of such a program, rubber deposits and other contaminates can build up. In the
presence of moisture this results in slippery conditions.

Several excellent studies have been undertaken to acquire a better understanding of
traction and the landing gear designers will greatly benefit from acquiring better
understanding of this problem.

Unprepared Fields

Generally speaking, the unprepared runway traction is not too well understood. The
available data is scant and more test data is needed to develop efficient systems for
operation of such airfields. The available cornering data is sketchy under all
conditions of operation. The available data indicates that traction on unprepared
fields is marginal. The presence of excessive moisture causes degradation in both
flotation and traction capabilities of the soil. Grass cover also makes runway very
slick in the presence of water. Good drainage is necessaray to provide improved
traction. This can be accomplished with a surface layer of gravel provided no ruts or
low spots are allowed to develop. Soft fields add another dimension to the problem.

Impact of Pilot Technique

Besides elements such as runway traction or crosswinds, the pilot is perhaps the most
significant external influence. The pilot influences the landing and takeoff field
length requirements in several ways.

One of the elements of concern is late touchdown which uses up much of the available
runway thus reducing the margin of safety. This problem is merely the inverse of
another problem in which he may land short. Thus, precise landing aids permitting an
all-weather landing capability are needed.

For purposes of this discussion it is assumed that such a problem is recognized and
will be handled before too long to the satisfaction of all concerned. Even if a
precise touchdown is assumed the pilot still can land hard and at excessive speeds.
The landing technique, besides losing precious available distance, may cause
undesirable rebound and make early braking and cornering difficult. The landing gear,
thus, has to be designed for some abuse margin and metering pin analysis should
carefully assess operational performance along with critical design condition where
peak load values are the primary concern.

Whereas the pilot exercises br-king by merely depressing the brake pedals the timing
and manner in which he uses these is critical. On dry and good traction runways he can
depress pedals firmly to help achieve optimum stopping. On wet runways, where
excessive water is present or on very slippery runways (icy) he should apply brakes
gradually. By partial, but early brake application, he can get some braking while
reventing wheel lockups. As the skid control system learns, the pilot can increase
rake pressure by depressing pedals further.

Even though good runways may be available at sometime in the future and pilot advisory
information and training may be improved, the skid control systems must be designed to
cope with varying conditions of available traction. Presence of paint markings, tar
strips and puddles along with differences in micro-texture/macro-texture and drainage
will necessitate continuous updating in technology.

BRAKING/STEERING

It was mentioned earlier that braking and cornering are related. This arises from the
simple premise that same vector must be shared for traction and cornering, Figure 4.
As demand in braking mode increases, the vector available for cornering decreases.
Fortunately, as demand is placed in the cornering sense the skid control system will
reduce braking effort due to its inability to assess excessive slip in the directional
sense. The directional control of aircraft may be divided into high, intermediate and
low speed regime. At higher speeds considerable aerodynamic control is available, but

4 as speed decreases to the intermediate range, nose gear steering control becomes the
only effective means of controlling aircraft heading. At low speeds all turning is
accomplished using the steering system.

The steering system requirements have not been developed to a level of sophistication
seen in skid control system design. The low-signal response (critical for high-speed
regime) and large-signal response requirements (critical to low-speed maneuvers) are
not well established. Due to the nature of directional control which requires several
inputs from the pilot as against a simple brake pedal input for braking, the response
cannot be easily assessed.

- Recently, ground simulators have been developed which permit pilot evaluation of
steering system adequacy and workload. A schematic of a ground handling simulator is
shown in Figure 5. These simulators are still not in wide-spread use. The comments
such as "All simulators are alike" or "A moving base simulator is better than a fixed
base simulator" clearly evade the basic issue: The need for extensive and accurate
math models such as in use on skid control simulators, and the need for adequate
verification by pilot demonstration and flight test.

At this time it aaps timely to re-emphasize tire data needs for such work. The
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tire cornering and combined cornering and braking data is nearly non-existent. Data
needs for shimmy analysis also deserve mention. Nose gears have been frequently found
to shimmy and steering valves have been often used to provide shimmy damping. The
availability of tire data and new innovative approaches are needed to resolve the
shimmy problem. Presently shimmy damping requirements often conflict with good
high-speed directional control.

With the foregoing background the development of efficient skid control systems can now
be discussed.

The procurement of the skid control system begins with the release of the
specification, which outlines the typical system interfaces - hydraulic, electrical and
structural. Besides this, several system configuration requirements are imposed on the
antiskid system manufacture. Included in these may be requirements for:

o failure indication
o touchdown and locked wheel protection
o locked wheel protection - turning interface
o parking brake system
o automatic spoiler deployment

Although these features are not a direct part of the braking force optimization system,
careful consideration of these requirements is extremely important. The influence of
some of these requirements can have a major effect on stopping performance,
particularly under adverse runway conditions.

The skid control specification may also impose direct constraints on the type of system
used.

Recently, emphasis has been placed on providing more detailed accounting of tire, brake
and other associated component performance in the specification to assure harmonious
operation of the skid control system.

Since the development of an antiskid system from scratch is both time consuming and
costly, the selection of a system is usually limited to an existing system or a
modified version of an existing system. Currently, operational aircraft use systems
which cover three generations of antiskid development. Figure 6 shows the improvement
in system efficiency gained through system development as a function of available
ground friction coefficient. Current third-generation systems provide high efficiency
over a wide mu range, under ideal conditions.

One of the recent advances in brake control systems which deserves mention is the
advent of the automatic braking system. This Boeing developed system concept provides:

o Automatic application of brakes upon touchdown
" A controlled deceleration to stop

The following represent some of the payoffs of this concept:
o Reduction of pilot work load
o Consistent early brake application
o Consistent operational stopping performance
o Smooth, comfortable operation
o Improved cornering capability
0 Reduced tire wear

" This type of a system is now available on advanced B-737, B-747, B-727 and is
currently being developed for use on B-757 and B-767.

Additional performance gains can be obtained through both refinements to existing
systems and the development of new concepts. In both areas, the airframe manufacturer
is expected to play the key role since he is closely related to the system's operation,
service problems and is ultimately responsible for the safety of the aircraft. The

* 4 antiskid supplier on the other hand is more closely related to the hardware and, with
proper guidance from the airframe manufacturer, is in a better position to facilitate
component improvement.

Laboratory System Development

The overall system performance depends to a great degree on the work done during the
laboratory development. With the airplane, landing gear and brake design essentially
finalized, the skid control system components must be optimized to provide the desired
performance.

The key element in optimizing performance of the skid control system is the simulator.
The purpose of the simulator is to evaluate the system under all operating conditions.
Figure 7 shows a block diagram of a typical simulator in use at Boeing. The simulation
consists of a computer simulation of the airplane and a hydraulic mockup. As much
actual hardware as possible is used to insure complete representation and to minimize
computer requirements. Simulated hardware is used initially, being replaced by
prototype hardware as it becomes available.
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The computer modeling includes:

o 3 Degree of Freedom Airplane
o Engine Thrust Characteristics
o Aerodynamic Characteristics
o Landing Gear Dynamics
o Tire, Wheel and Brake Dynamics
o Ground Force Generation
o Truck Pitch Dynamics (if applicable)
o Brake Torque with Associated Energy and Velocity Influences

The brake and tire dynamics form a major part of the simulation because of their basic
influence on stopping performance.

The simulator is used throughout the design process. It must be used early in the
process to avoid being locked into long-lead time hardware. Thus, the simulator is
used to screen system concepts as well as system components prior to vendor selection,
thus assuring the capability to meet the design requirements.

Once the hardware has been procured, the system integration and optimization can
begin. The test outline used during tuning and system development must be carefully
developed to cover the entire anticipated regime of operation. This must include not
only stabilized stops, but also step mu changes, wet runway operations, touchdown
reactions and environmental extremes. By means of the simulation, the stopping system
is given a thorough preflight check for both dynamic stability and stopping
performance. The critical control parameters of the antiskid control box are adjusted
to insure an adequate stability margin, assuring "gear walk" free braking operation.
Other dynamic influences such as truck pitch tendencies have to be assessed carefully
and compensation necessary is provided in the electronics circuit.

Any simulator test must go hand-in-hand with flight test. Unless the simulator
reflects what is happening on the aircraft, the testing done on it is of little value.
Likewise, the cost and difficulty in precisely controlling all variables during fligh
test make it virtually impossible to optimize a current skid control system on the
aircraft. In addition to performance feed back, pilot opinion of system operatio
during flight test is very important.

LANDING GEAR SHIMMY

Self-excited vibration in a landing gear (shimmy) is initiated and sustained 1,y the
ground excitation forces. The problem is further complicated by increased emphasis on
reducing the weight of the landing gear system in modern aircraft and the effectf rf
this emphasis on gear structure. Because of its frequent occurrence and the
seriousness (cost, safety, etc.) of the problem, analysis for the prediction of shimsf
or landing gear instability is an important part of landing gear design. I. also
serves as a guide to shimmy testing programs. However, often only limited success is
achieved in shimmy analysis, mainly because of over-simplification of many variables as
well as lack of meaningful data on tires. At least two forms of shimmy have been
discovered. These are:

o tire yaw shimmy

o structural torsional shimmy

The occurrence of both forms depends on the amount of overall system damping. For low

damping, shimmy usually involves rigid-body torsional motion of the landing gear
restrained by the yawing motion of the tire. That is, the model mass is essentially
pivoting about the swivel axis, and the effective spring rate is the tire
dynamic-torsional spring rate, accounting for the reciprocal distance of the footprint
lateral load line of action from the swivel axis. This type of shimmy is referred to
as tire yaw shimmy.
With high damping, tire yaw shimmy is stabilized but the structural modes of the gear
can become unstable. One commonly occurring mode has essentially the same model mass

as the first mode; however, the spring rate is the torsional-spring rate of the landing
gear with the damper (if any) locked. This type of shimmy is often referred to as
structural-torsion shimmy. Both types of shimmy are affected significantly by the tire
parameters.

CURRENT TECHNICAL APPROACHES

Analysis of shimmy must consider the following:

o the nature of airframe flexibility

o the nature of the attachment of the gear to the airframe
o flexibilities of the attachment and gear structure
o the interaction or coupling between the airframe and the gear structure
o the nature of excitation forces and moments
o the presence of freeplay at all support points and joints
o the interaction between the structure and the damping device
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Attachment Considerations

The inner cylinder is generally idealized as a beam, with the bearing plate connection
consisting of a number of stringer elements (axial load only) per bearing plate. This
provides the required bearing area, as well as preventing swivel moment transfer from
the inner to the outer cylinder through anything other than the torque links. The
landing gear structure is sometimes extended to include the landing gear support beam
which is sometimes pinned at both ends. Other support points may include the rear spar
end of the trunion (free to rotate about the trunion centerline), the side strut apex
(free to rotate in the plane of the side strut), and the actuator support (completely
fixed). Simplifications are also essential due to the presence of a steering system
(on nose as well as steered main gears). The steering cylinders are generally
idealized as stringers.

Boeing has used, with considerable success, the concept of influence coefficients in
evaluating structural influences. The Boeing tests consisted of mounting the gear and
support beam in a jig, applying loads and measuring deflections. The data was plotted
and reduced to influence coefficients. Sufficient loading conditions were tested to
provide data crosschecks, and these indicate that the data is quite accurate. The data
obtained from plastic models provides the best comparison to the data obtain for this
test.

In addition to their use in the shimmy analysis, these data can also provide a basis
for developing a mathematical model to determine the influence coefficients of other
landing gears. Moreland was the first to suggest the use of the transfer function
approach to evaluation of the structural influences, although he never included it in
any of his analyses. This approach still merits consideration.

Presence of Freeplay

Due to the presence of a large number of moving and restrained support points and a
rather severe impact and vibration environment, the development of freeplay at some
support points, such as the trunnion, is inevitable.

This freeplay has a significant effect upon the magnitude of the perturbations which an

otherwise stable landing gear can tolerate.

Trail Stabilizing or Destabilizing

Several investigators have considered the contribution of mechanical trail to landing
gear shimmy. The derivative of the critical damping ratio with respect to the trail
generally can be either positive or negative. It thus follows that increasing the
trail from zero may require either more or less damping which will depend upon the
relative magnitudes of the influencing variables.

SHIMMY DAMPER

A shimmy damper is often an agency requirement for averting the occurrence of shimmy.
Damping as such, however, is not a certain means for avoiding instability. The system
stability or limit cycle can be assured, however, by use of an appropriate type and
amount of damping. Analysis of the 737 main landing gear showed that both excess and
deficit damping would result in an unstable gear. The choice of a V2 damper is not
recommended for all configurations.

TIRE

The importance of the tire to the system and the shimmy phenomenon is not equally
appreciated by various investigators. In recent years, however, the importance of the
tire in this self-excitation phenomenon has been more and more recognized. The
difficulty in incorporating an appropriate tire model in the shimmy analysis lies in
the lack of knowledge about the dynamic behavior response of a rolling tire to an
oscillatory side and angular motion. In most theories the tire is represented as a
linear a torsional and/or lateral spring-damper system for which static or low speed
rolling tire data are used.

BRAKE SQUEAL/CHATTER

Brake induced vibration is caused directly by the normal operation of the brake, as
opposed to vibration excited by other sources such as runway discontinuities, and
antiskid operation.

Brake induced vibration can be divided into two frequency ranges:

A. Low frequency (less than 100 cps)
h. High frequency (more than 100 cps)

The low frequency vibration is called chatter and is generally related with the fore
and aft movement of the landing gear strut. This strut movement is commonly referred
to as "'earwalk" or strut chatter". Strut chatter is detrimental to the operation of
the antiskid system and, if the amplitude becomes high enough, can by physically
destructive to the airplane.
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The high frequency vibration is termed squeal and involves the brake and associated
structure. Squeal is generally annoying to the passengers and disruptive to brake
operation.

The airplane self-induced brake vibration has ingredients discussed in the literature,
but is not well understood. The literature does not contain much that relates directly
to airplane brake squeal.

Figure 8 shows a typical recording of brake squeal. The analysis of these flight test
records shows that vibration occurred in two modes, torsionally about the axle and
linearly along the axle. The oscillation occurred at wheel speeds as high as 1000 rpm
and as low as 80 rpm.

THEORETICAL STUDIES

A 727 brake was analyzed to gain further understanding of the dynamic characteristics
of the brake. The analysis showed the presence of both torsional and axial vibration
modes. The degrees of freedom in these directions were considered to be as follows:

1. TORSIONAL SYSTEM
Torsionally the 7Z7-100 brake is a nine degree of freedom system. The inertia of the
system are: the piston housing, the pressure plate, the six stators, and the backing
plate. An undamped free vibration frequency analysis of the torsional mode was made to
determine the natural frequencies and mode shapes of the torsional system. The mode
shapes relate the position of the inertias for any instant of time. The lowest
calculated frequency was 206 cps. This corresponds to an observed frequency of 190
cps. The vibration at this frequency consists of the entire brake oscillating as a
unit on the stiffness of the axle. The calculated frequency of the second mode was
162C cps.

In general, the vibration can be a combination of the nine modes. The ilight test data
generally limits observation to the two lowest frequencies. The lowest frequency has
been predominent in flight test records.

2. AXIAL SYSTEM
The flight test records have shown vibration in the axial direction i.e., direction
parallel to the axle. The axial vibration occurred at the same time and the same
frequency as the torsional vibration. Since the instability occurs in the torsional
system, the axial vibration must be dr yen by the torsional system.

The 727-100 axial system is essentially a two degree of freedom system consisting of
the piston housing and the heat sink vibrating on the stiffness of the brake mounting
flange and the torque tube hydraulic system, respectively. The natural frequencies of
this system are 271 cps and 1765 cps. The shaker tests gave frequencies of 300 and
1500 cps.

A more exhaustive treatment must consider the presence of non-linear damping due to the
sliding action of the rotor and stator keys in the keyways of the torque tube and the
wheel. The dry friction between the sliding surfaces produces a force opposing the
motion.

COUPLING

Since the primary source of the vibration occurs in the torsional mode, a transferred
mechanism between torsional and axial systems is needed. Basically, two types of
coupling are encountered. These are:

a. elastic coupling
b. inertial coupling

Elastic coupling is coupling in which the displacement of one mass causes a
corresponding force on a second mass. Inertial coupling results from the interasction

4 of the inertial forces of the masses.

Several theories have been put forth. Some of those which have been disproved are:
a. Torque tube shortening

b. Axle shortening
c. Axle Bending
e. Shear deflection of the lining

LANDING GEAR TRUCK PITCH

Bogie type landing gear are frequently incorporated on large commercial transport
airplanes. These bogie or truck type gears have now been used on various airplanes for
many years. The early landing gears were not fully equalized.* This resulted in
severe truck angular movement in a plane parallel to the airplane fore and aft axis.
This motion is often termed truck hop or truck pitching. In a fully equalized landing

*Essentially in an equalized truck the brake drag and the load in 5the compensating link
(equalizing rod) produce no moment about the bogie and thus no load is transferred
between truck (bogie) wheels due to brake drag.

..,- 1.*-. -~ ..
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gear truck, the braking torque is transmitted directly to the strut through the
equalizing rods. Without these equalizing rods, the braking torque is applied directly
to the truck beam.

Figure 9 shows the pitching moments along with the free body diagrams for nonequalized,
front brake equalized, rear brake equalized and fully equalized trucks. The figure
Shows clearly that partial equalization does not eliminate the tendency to pitch the
truck forward but does reduce it. Full equalization practically eliminates the
tendency to pitch the truck forward. Experience has shown that a fully equalized truck
is very stable and is the only type used on modern airplanes. A certain amount of
truck pitching will always exist due primarily to the excitation of runway roughness.

MAJOR EFFECTS OF TRUCK PITCHING ON LANDING GEAR SYSTEMS

The high cyclic loading or the truck assembly resulting from pitching can result in
component failures and cos*.y unscheduled maintenance. The presence of violent
truck pitching jeopardizes the brake system performance. During modulated braking, the
antiskid wheel speed sensors monitor all braked wheel speeds. Whenever the system
detects a braked wheel slowing below its synchronous speed, in a predetermined manner,
it reduces the brake pressure on this wheel, permitting the wheel to speed up. A
pitching truck introduces wheel speed perturbations. These perturbations can "fool"
the antiskid into responding as though the wheel is going into a true skid. The
unnecessary brake releasing that follows results in an increase of airplane stopping
distance.

TRUCK PITCHING PROBLEM

Several things can be done in the initial design to avoid a truck pitching problem
entirely or to reduce it to a tolerable oscillation level. The following are a few of
the recommendations to achieve this:

o If possible, design the landing gear truck having its mass centered on the
truck pivot.

o If this is not practical, an attempt should be made to separate the natural
frequencies of vertical translation and pitching of the truck.

o The design of the brake control should incorporate intelligence to prevent
pressure modulations at the truck pitching frequency.

ADAPTIVE LANDING GEARS

The primary function of the landing gear oil/pneumatic shock-absorber is the efficient
absorption of the airplane vertical kinetic energy during touchdown and the secondary
function is to provide a suspension system for taxi. The oleo metering pin was
introduced as a means to achieve a more optimum load stroke relationship. Present day
digital simulation techniques have reduced touchdown design loads to a minimum.
However, with the exception of the dual stage air spring, taxi performance has in the
past been more or less ignored since it was generally not a problem. Little or no wing
and body structure was being designed by runway roughness induced taxi loads and ride
and ground performance was acceptable. Today the aircraft industry is presented with
numerous taxi related design problems and the cause can be traced to the slowly
changing aircraft designs.

There are basically four areas which have contributed to the slow degradation of taxi
performance:

1) Gross Weight Typical airplane gross weight has increased 5 to 10 times since
-dr Wa I11 which has aggravated suspension and flotation problems.

2) Airframe Flexibility Airframe structure has become considerably more flexible
over the past few decades. This is especially true in the case of large
supersonic aircraft. A more flexible structure adversely contributes to taxi
dynamic response causing larger normal accelerations, strut loads, etc.

I_ 3) Ground Roll Speeds Taxi dynamic response is approximately proportional to
ground roll speed. The trend in aircraft design is to higher speeds. Again
this is particularly true for supersonic aircraft.

4) Operation on Substandard Fields Recent AF military operations have imposed
the requirement that transports and ground support fighters operate from
semi-prepared runways in forward areas. Under these conditions the dynamic
performance of the landing gear during takeoff and landing roll is no longer
of secondary importance.

The core of this discussion is that aircraft designs are dynamic; they are changing.
Airplanes are becoming larger, heavier, and more flexible. However, landing gear
designs have been static; they have not been advancing technologically to reduce, or
eliminate penalties associated with taxi performance.

Taxi related penalties are a problem today and they will be worse 5 years from now and
may be intolerable in 10 years. Landing gear technology must advance hand in nand with
airframe technology.

Taxi incurred penalties impact airplane overall performance in four areas:



13-11

1) Survivability Survivability for military airplanes designed for front line
field operation is of major concern. The ability to taxi on rough surfaces
and over obstacles increases the airplane mission effectiveness and
survivability. This permits operation into a significantly greater number of
airfields which are presently inaccessible.

2) Design Loads Taxi induced loads can size wing and body structure as well as
designthe gear itself. Weight is directly related to such loads and
therefore payload is reduced.

3) Fatigue Life Taxi loads reduce fatigue life by contributing to the ground air
ground cyce. If tayi loads and/or mission profile are not properly assessed
the useful life of an airplane can be seriously affected.

4) Ground Performance Landing gear design dictates ground handling performance
and is coupled to the effectiveness of the braking system, pilot
controllability, stability, and ride comfort.

Military airplanes are particularly susceptible to penalties incurred through severe
dynamic taxi response. The C-130 is a good example of an airplane which has
experienced taxi incurred damage. This airplane was used extensively in Southeast Asia
for forward line support. The missions were numerous, short in length, and
field-surface conditions were poor. This activity adversely affected the fatigue life
of the airplane and resulted in early crack propagation in the wing structure.

Boeing has been actively involved in the development of advanced landing gear systems
and as a result has studied a number of concepts. Dual mode (adaptive) landing gear
concepts are particularly attractive because of their inherent simplicity and potential
reliability.

As previously mentioned, the landing gear performs two functions which are: 1) to
efficiently absorb the airplane kinetic energy during touchdown, and 2) to act as a
suspension system during taxi.

Unfortunately, a conventional passive gear can only be optimized for maximum dynamic
performance in one mode of operation and that has historically been the touchdown mode.

In response to this mechanical shortcoming the dual mode oleo was conceived.

The principle of the dual mode concept is to permit the landing gear oleo to function
in one of two possible passive modes: one optimized for touchdown performance and the
other optimized for taxi performance.

A typical operational sequence would occur as follows:

I) During flight the landing gear dual mode mechanism is positioned in the
touchdown mode.

2) During touchdown (probably after the first or second rebound) a signal is
received from some source (either external to the oleo or internal) causing
the mechanism to switch to the taxi mode.

3) The oleo remains in the taxi mode until another signal is received immediately
after liftoff. The cycle is then repeated.

Two hardware dual mode concepts developed by Boeing are designed to improve ground roll
characteristics for aircraft with damping dependent suspensions and aircraft with
stiffness dependent suspensions.

LANDING GEAR TESTS

Many testing tools are used both during and after landing gear design to substantiate
strength, life, and performance.

A. Structural Tests

(I) Photostress
The use of photostress has become standard practice to determine stress levels
and direction in the transition areas of all complex gear parts. Usually the
complete gear is built out of plastic as soon as the drawings are available
and checked by photostress, followed by strain gaging. This permits local
changes to be made before the tooling is completed for the parts. The
photostress process is repeated when the first gear is loaded prior to fatigue
testing.

(2) Fatigue Test
Since the landing gear is usually a fail-safe structure, the FAA now requires
substantiation of gear life by fatigue testing. All the various gear loading
conditions are applied in blocks to simulate those loads expected to be
typical for normal service. The gears are completely dismantled and inspected
periodically to check for cracks, wear, galling, etc.
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(3) Static Test
Static testing to ultimate load is not a requirement but is sometimes used to
determine growth potential. Since most parts of the gear are designed by
fatigue conditions, it is common to find generous margins of safety under
ultimate loads; therefore, static testing probably does not justify the
expense involved.

(4) Detail Tests
Detail parts or features are often fatigue tested or static tested separately
from the above tests. Gear breakaway or fuse details are often testing in
detail, if analysis is in doubt and where precise failure modes are required.

B. System Tests

(1) Drop Test
The drop testing of the gear is required to develop and substantiate the
energy absorption characteristics of the shock strut. This test is conducted
by the gear vendor under aircraft manufacturer's direction. The number of
official drop test conditions can vary from as few as 20 to perhaps 50 or 60.
The variables include:

o Landing weight
o Sink speed
o Level attitude
o Tail down attitude
o Wheel speeds

Drop testing is accomplished by loading the gear in a jig mounted in a
vertical tower. The jig can be loaded with varying weights. The jig is
hoisted to appropriate heights, depending on the desired sink speed, and
allowed to drop free, the wheels "landing" on a calibrated platform to
determine vertical and drag loads. The effect of spinning up the wheels upon
landing is simulated by spinning the wheels to the desired landing speed
before the drop, whereupon the wheel rotation is abruptly stopped when contact
is made with the ground platforms.
The drop test is also used to substantiate the capabiility of the gear to
sustain over-load landings without structural failure and to obtain data
points for fatigue analysis.

(2) Retraction Test
As rapidly as production parts can be acquired, both the main and nose gear
retraction systems are laboratory tested. All production parts involved in
the retraction are tested, including lock and door systems. The parts are
mounted in a jig fixture so that the entire airplane system can be operated.
Parts that are not designed or affected by retraction loads are usually
dummies. The gear weights must be simulated, and compressed air cylinders are
commonly usesd to simulate aerodynamic forces on the gear and doors. These
tests serve three functions:

(a) The rig is used for as long as two or three months to tune and adjust the
hydraulic and mechanical systems systems so the gear operates smoothly
without large impact forces (thus noise). The manual extension system is
proved out, and often changes are made to locking springs, snubbing
orifices, etc. to ensure positive gear operation under all conditions.
Needless to say, this phase of the testing should be completed as early
as possible so that all important design changes can be implemented prior
to first flight.

(b) The second use made of the retraction test is to provide service life of
moving parts. A minimum life of 25,000 flight cycles has proved to be an
adequate demonstration that the wearing parts such as seals, bearings,
bushings, locks, etc. will servive one overhaul in airline service.
Frequent teardown inspections are conducted in the early cycling for
evidence of premature wear. Any part that is badly worn or destroyed at
25,000 cycles should be redesigned.

(3) Beginning with the 727, the retraction testing was continued far beyond
the 25,000-cycle point. The continuing phase of testing, to as many as
150,000 cycles in the case of the 737, is required to prove adequate
fatigue life of all the structural mechanism. Our 707 and 727 experience
has taught us that the failure to test and prove fatigue life of many
parts in the retraction mechanisms can have serious safety implications.
Strain gaging is employed in many locations in the Phae I tests to
provide the Stress Group with improved data for fatigue analysis.
However, due to the complex shapes of many mecharnism parts, the only
final proof of fatigue life is -tual cycling. The most important safety
aspects are absolute assurance that the gears can be unlocked from UP,
reliable sequencing of doors, and 100% reliability of snubbing in the
extend cycle. A landing gear extending to DOWN without benefit of
hydraulic snubbing will generally destroy the brace mechanism and allow
the gear to dangle free. The subsequent landing will then be an
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emergency type, with the danger of ground loops, wheels up landing, and
possible fire. The extended fatigue test cycling will also prove useful
to continue comparison tests of various different bearings and optimize
the final production selection before too many airplanes have been
produced.

This series of tests will usually continue for a year or more after the first
flight.

C. Shimmy Testing
Landing gear shimmy is an unstable condition caused by the coupling of the
torsional mode with side bending mode of the gear. The shimmy characteristics
of a gear are analyzed by computer simulation as soon as reliable spring rate
information is available. The exposure to shimmy is great on all nose gears
and main gears having laterally disposed wheels. An additional tool for
checking gear shimmy is the flywheel dynamometer. The entire landing gear
must be used and mounted by actual or simulated support structure.
Combinations of load, yaw, tire unbalance, gear slop, and speed must be run,
with an abrupt torional excitation artifically applied by apply one brake or
applying an abrupt punch to the end of the axle.

D. Wheel and Brake Testing
The flywheel dynamometer is the basic tool for testing wheels and brakes. The
dynamometer consists of a large road wheel that
is spun up to the desired speed by an electric motor. The mass of the wheel can be
varied to obtain the desired kinetic energy. One wheel, brake, and tire is mounted
on an axle, which is attached to a hinged arm. The dynamometeris brought up to
speed with the tire off the wheel. When the desired wheel speed is established,
the wheel is allowed to coast. The mandrel arm is then "landed" on the road wheel
with sufficient force to obtain a predetermined rolling radius and the brake is
applied. By this means all necessary data is obtained to assess brake
performance. This information includes continuous plots of speed, torque, and
distance, and a large number of brake temperature readings.

Wheels are static tested to ultimate and yield load with tires installed, and are
usually roll tested several thousand miles to establish fatigue life.

INSTRUMENTATION

As indicated above, a considerable amount of testing is done in the development of the
landing gear system. This testing involves a large range of variables and a variety of
test facilities. Tables 2 through 6 indicate the variables and the measurement means
for some of these tests.

The usefulness of test depend, to a large extent, on the ability to accurately measure
the test data and to transform it into meaningful information. In some tests this is a
simple task. For example, the test may be simply pass/fail, as in fatigue tests. Most
often, detailed performance data is required. Measurement of the data is generally not
a problem, but recording and reduction of the data can be difficult.

Three systems are commonly used for data recording:

1. Light beam oscillograph
2. Multiplexed tape
3. Wide bandwidth FM tape

The lightbeam oscillograph provides data with good bandwidth and allows quick
determination of data trends. But detailed reduction must be done by hand.
Multiplexed tape provides a recording medium for a large number of variables in a form
easily processed by digital computers. Because it is a data sampling system, the
available bandwidth is limited by the number of recorded variables. FM tape provides
the widest bandwidth but only for a very limited number of variables. Each system has
its place, and successful testing requires proper selection of the recording method.

A LOOK INTO THE FUTURE

The future of landing gear systems hold the promise of considerable advancement. The
availability of digital electronic systems will provide increased sophistication in theantiskid system. In addition, systems which optimize both braking and directional

control are in development. Active shimmy damping is a possibility.

Increased emphasis on ride quality will result in gears which produce lower fatigue
loading. This will provide the military with improved surviablity 3nd increased
capacity to operate from unprepared and semi-prepared fields.

Carbon composite brakes, i1lready in use in military aircraft, will become available on
commercial transports. Tire design will improve both through construction technique,
eg, radial cord, and advanced materials.

Inflation/deflation systems will also receive serious consideration for austere field
operation to enhance aircraft flotation. Training simulators will be much more
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representative of ground roll, landing and take-off operation due to added landing gear

models.
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Figure 3a. Exploded View of Fighter Brake Assembly
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Figure 3b. Various Types of Rotor Designs Used in Aircraft Brakes
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Table 1. Tire Properties and Related Terms

Foot Print Area Pneumatic Caster
Braking Force Coefficient Rolling Radius
Cornering Force Coefficient Slip Angle
Vertical Force Coefficient Yew Angie
Yawed Rolling Coefficient Wheel Angular Velocity
Drag (Fon and Aft) Force Lateral Hyateresis
Laterel or Cornering Force Torainel Hystareale
Fore end Aft Spring Force Vertial rem Deflection
Lateral Spring Forme Polar Moment of Inertia
Circumferential Dewy Length About Axle
Fore end Aft Spring Consant (Trr. Tare end Wheel)
Torsional Spring Conatant Pneumatic Trail
Lateral Spring Constant
Cornering Power
Inflation Preesure

Table 2 Typical Brake Data from Dynamometer* Tests

STATUS
VARIABLE HOW MEASURED ACETBE NEEDS OTHER COMMENTS

__________ _________IMPROVEMENT

Torque Strain Gpor x x Preesure gegdata
Presoar Gage not suit"li for

antiskid

rSpeed D. C. Tachomnewe x

Loed Loud Call X

Temperstare Thermocouplas x

Ace " Accelerometer _

llmlet arge tK.E. and Wend tie sono ~dluo
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Table 3. Typical Anti-Skid Data - Simulation and Flight Testing

STATUS

VARIABLE HOW MEASURED ACCEPTABLE NEEDS OTHER COMMENTS

,IMPROVEMENT

Wheel Antiskld Output X
Velocity

Vo Anthlcld Output X
current

A/R/Ground Antiskid Output XSw~tA

Brak. Prwure TramdunI X
Pmur.

Mewring Prmum Traneduga. X
VaIve
Pram

Retun Lim Prm Transducn X
Pm..,

Drug Strut Strain aq X These varialsam

Lad directly waIk
from Ovaludda

Brnlu Striumls x dri o
Torque

Spoiler Potntiometer X

Throttle SWiti x
Position

Airplan APACS Caiwr X

AJplane APACS Canw X
Velocity

Airplane APACS Carners X

Table 4. Typical Tire Data - From Dynamometer* Test (TSO Reqm't)

STATUS

VARIABLE 1OW MEASURED NEEDS OTHER COMMENTS
ACCEPTABLE IMPROVEMENT

Load Prmcheduled Load X
Cyde i Applied

Speed Speeam X

*po reau duty cycleT~wx
Tim X

TirelVow X Ram t USAF Reqt
roAnis

TIM Preet Typical 33-M

IDeflecton _

Other factos ar buit prume, om dedn. sippep. *a af rwwhksr

11nbted to reproduem A/C K.E.
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Table & Typical Data - From Landing Gear Drop Two

STATUS
VARIABLE HOW MEASURED ACETBE NEEDSI OTHER COMMENTS

A~EPABLE IMPROVEMENT _______

Vertical Lad Cal Undie x

Dragl Load Land Cell U-doer X

Axis Strain Gap x
Bendling Loa

oleo Potentionater x
Dkplacarnwit

Upper/Low Prwmmre Traudua x
Chamber
Pireamra

Two Photowaphy x
Deflection

CGaA~redr Themwpk x

Cerriaga Pree x
IDrop Heigh I_ I _I

Table 6. Typical Data Obtained During Shimmy Tests

STATUS
VARIABLE HO0W MEASURED ACETBE NEEDS 'OTHER COMMENTS

ACCEPABLE IMPROVEMENT ______

Load- Strain Gagp X Use IS IMAde Of
Dn~t& all Instrumientation

anlable for
aNtilid and taxi

Pregaga Strain Gap X

Acceleration Accelevrneaua x

NoweGear x

.ngl

I2
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FOCHElR1IE DSLIMITES DE FUNICNNME~W L N RMIR D 'HEMODXPI'EI EN VrrESSE ET FAC J DE CHARGE

par
B. Certain et J.M. Besee
BP 13, 13772 Marignane

France

1. INTRODUCTION -

Le rotor principal de l'hglicoptire a toujours fit lorigine de la plupart des limitations du domaine
de vol.

Sur lea machines modernes, les charges tranamises au rotor se sont encore accrues pour plusieurs rai-
sons

- Puisaance installie importante due A is bimotorisation et au d~sir de conserver dea performances
correctes au d~collage apr~a panne d'un moteur et par tempa chaud ou en altitude.

- Vitesaes de tranalation 6levgea, cona6quencc bien sir de is motorisation mais aussi d'un affinement
important des fuselagea, aurtout par l'adoption de trains d'atterrissage rentranta et de capotages
de mit.

- Charge au disque 6levge, permise par la surmotorisation.

De plus, d'importantes 6volutions technologiques permettent aux ensembles mit, moyeu, pales, de suppor-
ter des taux de contraintes 6lev~s :Il s'agit bien srit de l'utilisation des fibres, verre et carbone,
des articulations lamifiges ou encore des amortiaseura viaco~lastiques.

Cette recherche quasi syst~matique d'un fonctionnement aux limites a~rodynamiques des profils pose des
probl~mes nouveaux d'ordre th~orique (a~rodynamique instationnaire) mais aussi de technique d'essais,
lea r~ponses des profils modernes 6tant peu connues en regard de 1'exp~rience acquise sur le bon vieux
NACA 0012 utilis6 exclusivement sur nos h~licopti~res *iusqu'A un pass6 rgcent.

A partir de l'exemple du SA.365N dit DAUPHIN "COAST GUARD" (bimoteur 2 x 440 kW) qui, A Ia masse
maximum de 3850 Kg, realise en palier plus de 160 kt au niveau mer, on va rappeler bri~vement lea
origines des "inure" qui bordent le domaine de vol de l'h~licoptzire, puis on d~crira lea moyens de
meaure, de surveillance en vol et de d~pouillement. Enfin, la mithode d'essai sera dgcrite et montrie
par un petit film pris au cours des phases de vol aux limites du domaine.

2. PHENOVENES PHYSIQUES CONDUISANT A DES LIMITES -

2.1. -Le d~crochage -_

C'est le problime classique de Ia pale reculante qui doit garder une certaine portance alors que
la vitease relative de l'air devient faible et mime a'annule vers le centre (cercle dinversion).

L'incidence aur lea profils augmente et I'on note l'apparition de contraintes 6lev6es aur les
bielles de pas.

La planche n' I montre 1'6volution de ce signal en fonction du facteur de charge aur Is premi~re
g~n6ration de pales du 365N.

On remarque que Is divergence devient visible en pale avant, s'instal'e dans Ia plage jaune et
commnence A d~croltre au milieu de la plage bleue, c'est A dire 3/4 drriere.

Au signal qui pour n - I g eat du ILS preaque pur, se superpose une forte modulation en 6-4 qui
correspond A une r~ponse du mode de torsion de Ia pale.

t La planche n* 2 donne une explication sch6matique de ce phgnomine connu sous le nom de 'STALL
FLUTTER".

4 Lea courbes noires reprisentent Ia polaire d'un profil obtenue en soufflerie (Cz - f (ek) -
CM = f(d).

Lea courbes en couleur sont lea polaires instationnaires, c eat A dire lea relations reliant la
portance et le moment A l'incidence slors que le profil oscille en incidence autour "'une valeur
moyenne de + *

Sans entrer dana lea d~tails, on peut dire que l'incidence de d~crochage n'est plus fixe mais
depend de la vitesse de a variation, le d~crochage ftant repouss6 loraque l'incidence augmente
et au contraire persiste d'autant plus que l'incidencc d~croit vite.

Le fonctionnement hglicopt~re correspond aux deux premiers cas (C( - 7 + 5 sin Ljt et -15 + 5

Dana ce second cas, on note one 6volution curieuae du Cm -f (00 en forme de 8 et V'on dgmontre
que dana Is partie hachur~e, l'amortissement eat n~gatif, le profil absorbe de 1'6nergie venant
de l'air. On constate par ailleurs que ce ph~nomine se produit pour lea faibles incidences du
cycle et on retrouve le fait constati sur le signal biellette de la planche n* 1, que V'on voit
diverger A partir de Ia pale avanqante alors que l'incidence eat encore faible et converger dsns
one zone o6 elle eat encore forte. /..........
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Ce ph~nom~ne n'eat jaisais divergent, l'amortissement sur un cycle 6tant positif Maim il peut
engendrer des contraintes tras impprtantes par excitation du mode de torsion.

line solution a AtC trouvge a ce probl~ine en centrant l'extrimitg de pale plus avant. L'augmenta-
tion de vrillage en pale reculante due A cet accroissement de rappel A plat diminue notablement
l'incidence en bout de pale.

2.2. -La Mach limite -

En pale avanqante, le Mach atteint par 1'extrgmiti peut 9tre grand et lVon se heurte awc probl~mes
de tranasonique, e'est A dire augmentation rapide de la trainde at apparition de moments dua au
recul du foyer des profils.

La planche n* 3 montre la complexit6 du ph~nom~ne sur quatre param~tres

(I) Contrainte de l'amortisseur de trainge viscoglastique,
(2) Contrainta de trainge amplanture pale,
(3) Battement emplanture pale,
(4) Biellette de pas.

Au cours de cette phase de vol, le Mach eat proche de 0,97 rdalisg avac des pales A profil OA 209.

On constate sur la trainge une forte modulation en UJ/2 et une forte variation du signal biellette
A la limite des zones de couleurs, juste en position pale avanqante. Ce dernier signal ast aussi i
module en f4/2 et le phgnomdne n'apparalt visiblement qu'un tour sur deux.

Ceia pour conadquence on ddrdglage en track du rotor, chaque pale ayant deux trajactoires possi-
bles qu'elle ddcrit en alternanca.

Vu de Is cabine, le rotor semble faire un peu ce qu'il veut. LA encore la contraintes peuvent
devenir trds importantes.

Pour racuier l'apparition de ce phdnomdna, un effort tout particulier a 6t6 fait sur lea profils
et Ia planche n' 4 donne quelques rdsultats comparatifa en prenant canine rdf~rence le NACA 0012.

On caractdrisa un profil par la valeur de Mach pour laquella le gradient de trainge dCx/dl atteint
0, I.

La partia gauche de la planche n' 4 donna le Mach critique Ai portanca nulle. On voit qua le NACA
0012 atteint 0,8, qua la profils type SA,131 (PUMA) permattent d'aller jusqu'! 0,85 at la s~rie
des 0A2 jusqu'a 0,87.

On notara l'irsportanca de l'6paissaur relative.

La partie droite donna lea mimes caractdri-tiques mais A portance non nulla. Les profils modarnes
gardent un avantage jusqu'A 0,3 de Cz environ.

Bien qua tres significatives(et aur le plan performances aussi), cas amdliorationa de profils ne
suffisant pas A couvrir le domaine revendiquE aujourd'hui par lea hdlicoptdras lea plus modarnes.
11 a fallu travailler 1eictr~mit6 de pale, avac des saumons en fl~che, dont l'effat n'est pas calui
de la fl~che d'una aile d'avion, mais sert A cr~er un centre de pousade en arri~re de l'axe de
torsion de la pale, ce qui Ia stabilise at diminue lea variations de vrillage dues aux moments
adrodynamiquas.

3. MOYENS D'ESSAIS -

De ra rapide expos6, il rassort qua la surveillance de certains efforts eat ndcassaire pendant la vel
t' ~afin d'alerter l'6quipaga de I'approche de ph~nom~nes dont la dC-clenchement eat assez brutal, mame sails

ne sont pas axpLosifa.

Par ailleura, d'una manie gdndrale, ces augmentations de niveau de contraintes ne sont sensibles A
bord par des vibrations qua loraque lea phdnom~naa sont d~jA profonddmant installda, lVaide de la t~l&-

N mesura eat donc impdrative.

En dahors de cette fonction de surveillance, l'installation d'essai permet d'errgistrer A bord un grand
nombra de param~tres vibrations at contraintes ainsi qua tous lea paramdtres de vol i 6volution lente
trait~a en numdrique (PCM).

Au aol, pendant lea vols at apri~s ceux-ci, rette Masse d'information doit Ztre tralt~e at analys~e.

I; Las planchas n' 5 16 vont nous aider A d6crire une telic installation an pranant toujours la SA.365N
cosine example.

3.1. -Installation embarque'e -

Las photos n* 5 at 6 repr~sentent un moyeu STARFLEX 6quip6 de ces jaugas et de son collectaur
dana lequal il passe 40 vojes environ romprenant lea contraintas battement at traln~e pales,
bietlatta de pas, contraintas moyau dan, la bras, Is partie rantrale, diplacement adapt?!eur.
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de frfiquence, flexions ait, acc~l~ros 3 axes eur la tate, etc ...

Ces peramatres et ceux venant de la structure et du rotor arri~re sont amenks A une baie dont Ia
planche n* 7 donne le principe. Les paramftres sont calibr~a dans une s~rne d'amplificateurs. Un
tableau de m~lange permet d'envoyer cheque voje dens Pun des 12 canaux des 8 multiplex. En effet
le choix de la position n'est pas arbitraire, tous lea canaux n ayant pas is mime bende passante.

(La bande paseante de cheque voje eat pvoportionnelle A Ia fr~quence de la sous porteuse corres-
pondante. Lee sous porteusee sont 6chelonnces afin de s~perer l'informetion eu moment de Is combi-
neison des vojee et de permettre ae reconstitution par filtrage lore de Ie lecture de la bands).

Ensuite, lee signeux, aprts mdlenge, sont enregistrds eur magn~tique evec une base de tempe et
lee conversations 6quipage et tklinesure.

Vne partie de l'information peut 9tre visualiede A bord eur des scopes (cas des gros hilicopti-
rea), mais surtout 12 voie sont envoy~es en tdl~meeure par un 6metteur (20 W bende P).

Lee photos n* 8 et 9 reprdsentent cette instelletion A bord du 365N. On notere A geuche l'enre-
gietreur magndtique, A droite lee aisplificateurs et en-dessous lea platinee des multiplex.

Le poide total esnbarqu6, compte-tenu des file et de la partie PCM, est de 250 Kg. environ.

3.2. -Au sol-

T6idmesure-

La planche n* 10 d~crit cette installaition :L'opgrateur est relig par VHF A l'hdlicopt~re en
essals. II dispose essentiellement de deux scopes Suir lesquels soot envoy~s lee parametres A
surveiller et leurs limitations (l reqoit aussi, non reprdsentg ici, le message PCM complet qui
li perreet d'avoir en lecture directe position des commandes, vitesse, alt ... etc).

Ici, lee moyens de calcul sont limit~s A des analyseurs analogiques capables de donner lesspec-
tres des signaux requs. En effet, compte-teni du temps de reaction trs court dont dispose
l'opkrateur, ce sont essentiellement lea scopes qui stint utilisis.

Les photos n' 11 et 12 montrent cette pi~ce avec ces scopes, son r~cepteur et son enregistreur
magn~tique.

Dipouillement -

Pendanr le vol, mais surtout apr~s le you, l information contenue dens Ia bende magn~tique de
bord va ktre exploit~e par tin ordinateur. La plariche n* 13 resume les diff~rentee fonctions
raelis~es par un !4ITRA 125.

L'information eat conetitu~e par lee 12 voies d'un multiplex (qui sont traities lee tines apris
leg autres) d'une part et par un paquet de cartes constituant lee 6talonnages oti lee niveaux de
contraintes d4 et Pou toute autre information necessaire telle que les temps cod~s des siquences
A d~;'ouiller.

Trois programmes principaux soot en m~moire, les deux premiers font des analyses harnainique et
spectrale, le troisi~me calcule les endorunagements des pi~.ces principales aui cours de vols types.
Les dur~es de vie seront calculaes A partir die ces resultats par le Bureau d'Etudes.

Les sorties possibles sont Ia bande magn~tique, surtout utilis~e pour stocker les r~sultats du
troisii-me programme en vue d'un traitement statistique tilt~rietir.

Ler analyses sont sorties soit sous forme die listing soit stir table trecante suit Sur 6cran
Techtronix avec "hard copy".

Las photos n' 14, 15 et 16 donnent tine id~e die la salle des machines (il y a en f,,xt deux MITRA)
4 ft de leurs piriph6riques,

La tendence eat d'Aviter au maximum lea listingsqui sont fastidieux .1 exploiter et d'obtenir des
traces 61aborges.

Exploitation -

~I9, Elle se ram~ne toujoure A v~rifier dee niveaux de contraintes afin d'aseurer la s~curit6 des vole
A venir d'une pert, A chercher d'autre part lee causes des r~ponsee importentes, c'est A dire
d~terminer les zones des spectres qui contiennent le plus d'6nergie. Tout le jeu consiste alors

d~placer lea modes propres des pales efin de diminuer leur r~ponse en leg gloignant des excita-

tions fondamentales.

La planche n* 17 est une recopie de "hard copy" d'ficran Techtronix concernant l'enalyse spectrale
d'un signal biellette de pae A 13.000 ft pour des vitessee croissantes.

L'analyse de signaux semblables, en battement et en tratn~e, permet de determiner lea modes de
pales. .. ..
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La planche no 18 donne un exemple de r~sultat obtenu au banc: par excitation du rotor par lea
cosmmandes de vol pour difillrents regimes rotor. L'int~rat d'une telle mfithode est qu'au banc
Les excitations sont connues en phase et amplitude.

Ent vol, on commence A arriver A des r~sultats mais en utilisant des m~thodes plus complexes
basges sur Lea corrilations crois~es entre deux param~tres, ce qui revient en queique sorta A
supposer que Vun eat l'excitation et I'autre la r~ponse.

Une fois connua,ou suppos~e comie telle, l'origine d'un probl~me. Ai faut encore pouvoir affec-
tuer des changements aensibies sur les pales. La technologie des pales en stratifi6 nous aide
beaucoup car ella parmet d'avoir des masses lingiques non constantas par introduction de masses
concentrees. Par ailleurs, la raideur en torsion peut itre ajustfie par variation de l'angle des
tissus de recouvrement.

4. METHODE D'ESSAIS -

Le domaine de vol eat ouvert progressivament par des piquds effactu~s a paa constant, A des vitesses
croissantes, basse altitude et pour des maaaea moyennes. Par Ia auite, la maaae eat augment~e jusqu'A
la valeur maximum dgairge puis viennent lea vols en altitude.

Pour lea facteura de charge, l'6volution eat la m~ine, l'esaai ae faisant A pas constant et vitesse
conatante.

La difficult6 da ces essaia rdside dana la complexit6 de Is mise en oeuvre (nombre important de para-
mdtrea, fragilitg des jauges, 6talonnages 6volutifa, paraaitea ... ), dana la rigueur des points d'easais
aurtout an ce qui concerna lea factaura de charge pour leaquals Ia rapiditi de mise en virage (ou de
sortie) peut Ztre un param~tra important.

Un suivi pr~cis des configurations machine eat indispensable (masse, cetitrage) sinai qua toutas Les
modificationa, leur importance n'Atant pas vidente a priori,

Les 6quipes de l'AER0SPATIALE sont bien rod~ea A ces easais qui damandent une confiance sans limite dana
une surveillance au aol, d'aillaurs jamais mise en d~faut pendant lea vols qui ont parmis Is mise au
point at Ia certification d'un nombre respectable d'hCdlicoptares au cours des 20 darni~ras annges.

Lea fruits de ce travail constant cii tous ont particip6 peuvent se rgsumer dana les chiffres ci-dassous
qui fixant le domaine de vol du 365N ouvert au d~but de l'gtg 1980.

- Masse maximale - 3850 Kg.

A catta masse

- VD bassa altitude - 183 kt

- VID 5 13.000 ft - 140 kt

- Facteur de charge maxi A 140 kt basse altitude A Is puissance maximala continue - 1,8 g.

- Facteur de charge maxi A 100 kt A 13.000 ft A Ia puissance maximala continue - 1,6 g.
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Figure 5 COWLING AND STARFLEX ROTOR HEAD

Figure 6 STARFLEX ROTOR HEAD WITH STRAIN GAUGES
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ELECRO-MAOWETIC COMPATIBILITY
THE DETERMD(ATION OF &%FElTY FOR CRITICAL SYSTEM

G M Smith, BEN, C Xng, MIERZ
Procurement Executive
Ministry of Defence
Aeroplane and Armament Experimental Establishment
Boscoobe Down
Salisbury
Wilts, UK.

Sumary

The problems of certification of the fitness of military aircraft to enter service have increased
significantly with the introduction of electronic equipments into areas of the aircraft which directly
relate to primary flight safety. In addition to the effects of self-generated interference, effects due
to the external environment must also be considered.

The establishment of adequate margins of safety for these systems requires changes to equipment teat
methods and procurement procedures. The problems are reviewed and alternative approaches described.

1. Introduction

Where two or more electrical or electronic systems are installed close to each other and are required
to function at the same time then there is a possibility of mutual interference. The effect of interfer-
ence may have two forms - an output from an equipment where none is intended or, alternatively, a failure
to respond to an intended signal. Such effects may range from a nuisance - as with domestic radio
receivers or recording equipment - to hazardous - as with the inadvertent initiation of electrically
detonated explosives.

In the past, it has generally been sufficient to conduct functional tests of the electrical,
navigation, radio and radar equipments of aircraft in combination to establish the more easily recognised
interference effects. Where no significant effects were found, or had been found and effectively dealt
with, a state of electro-magnetic compatibility (EMC) was considered to have been established.

In the case of explosives initiated by electrical energy, which may also be induced by radio trans-
missions and electrical system disturbances, a sore rigorous approach is taken. The minimum energy
required for initiation is determined for the detonator in isolation and, using a simulated detonator, the
energy levels present in the aircraft are determined during operation of the aircraft systems. EPIC is only
considered to be established if the ratio of energy levels is greater than an acceptable minimum.

Recent developments in aircraft design have required the introduction of complex electronic equipments
into engine and flight control systems to replace mechanical and electrical components. The authority of
these systems is becoming such that the effects of interference could present a hazard to the safety of
flight and it follows that a margin of safety, similar to that quantified for explosives, needs to be
established. The probability of the continuing performance of such equipments is carefully considered
during reliability studies. Since interference can well result in an equal loss of performance then
equal attention is required to the establishment of ENC.

The performance of these safety critical equipments is achieved by the use of modern semi-conductor

components which, due to the lower operating signal levels required and their capability of dealing with a
wider range of frequencies, have a higher potential sensitivity to interference. Similar sensitivities

are now to be found in existing aircraft where new versions of the older types of equipment are introduced.

These vulnerable equipments are now being installed in strike aircraft and helicopters where the most
severe interference environments are to be found due to the high packing density of both equipments and

wiring. The introduction of digital computers and associated data transmission raises further problems in

the definition of appropriate aircraft tests.

Experience has also shown the need to assess the effects of te electro-magnetic fields through which
* ' the aircraft must fly. These external fields are produced by comunication and radar transmitters sited

on land, on other aircraft and on ships whilst the aircraft itself behaves as a combination of crossed
dipole antennae. The total problem is illustrated in Figure 1.

2. Safety Margins

The need to achieve EMC in aircraft (and other major systems) including the need to establish safety

margins for those equipments which are adjudged to be flight critical, is recognised in Military

Specification -E-6051D dated September 1967. This specification requires that the prime contractor shall

establish an overall ENC programse and that a board, consisting of contractors, sub-contractors and the
KGovernment representatives, shall be set up to control the programme and to expedite solutions.

System requirements are set out, including consideration of the external environment together with the

exhortation "that every effort shall be made to meet these requirements during initial design rather than

on an after-the-fact basis". A demonstration of compatibility, with the equipments in the final system

operated in combination, is required and demnstration of compatibility between aircraft during formation

flying IF specifically mentioned. The need to establish safety margins for equipments whose upset due to
interference could lead to a disastrous result such as loss of aircraft/life or mission failure is stated.
The safety margin required ia 6dB (a voltage/current ratio of 2/1) for general equipments and 2OdB (10/1)

LL1
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for exploeives although no justification is given for either value.

A margin of safety in this context can be defined as the ratio by which the level needed to
upset an equipment (the susceptibility threshold) exceeds the maximum level of interference likely
to be experienced by the installed equipment from aircraft interference sources and from the external

environment likely to be encountered during aircraft operation. Present equipment susceptibility
tests, such as KIL-461 which is required by MIL-F-6051D and is applied to equipment in isolation
during qualification, specify levels which the equipment must withstand. Although these levels have
bean raised over recent years, the margin by which the equipment meets the specification - which may
range from a large to a small amount is not quantified.

This lack of information is particularly acute with regard to the control and signal inputs of
equipments which have been found to be the major paths of interference. The radiated susceptibility
tests which are designed to establish the adequacy of those inputs suffer from uncertainty of the
amplitude of the representative fields generated in existing test rooms. Even if thebe uncertainties

could be removed and the tests could be re-designed to establish the susceptibility threshold, such

information would only be of direct use if a comparison with the field conditions present at the equipmont
installation within the aircraft could be made. The measurement of the parameters of the field within a
strike aircraft (E, H and Z - since we are concerned with power transfer) using conventional antenna and
measuring receivers is often physically impossible.

Apart from the procedure used with explosives (mentioned earlier) a form of margin has been estab-

lished by recording the conditions found in aircraft cables and subsequently re-injecting these signals

into the aircraft wiring at a higher level. This process (developed by the West German Government agency
at E 81) includes amplification of the output of radio transmitters before coupling to the aircraft
antenna. This "antenna enhancement" method has been used in the UK in some frequency bands. Apart from

the power handling limitations of the aircraft antenna, the output of the transmitter which is to be
enhanced presents a problem since the transmitter specification only requires a minimum output to be

generated. The maximum output is therefore unknown. A recent UK survey (Reference 1) has shown the
conditions at one equipment can vary by a ratio of 4/1 across an aircraft fleet due to the variation of
transmitter outputs and differences in the airframe and wiring. Thus the adequacy of the 6dB margin

(2/1 ratio) required by MIL-E-6051D must be in doubt.

High power external sources such am the Radio Frequency Environment Generator at AUEE (Reference 2)
have been used as a means of enhancement 'ut, because of the uncertainty of external field effects on an
aircraft (Reference 3) it is necessary to measure the normal and enhanced levels at the installed equip-

ment for comparison. Such high power sources are subject to frequency management and a prediction of the
frequencies at which the equipment may be susceptible is required before an effective test can be set up.
As stated earlier, such predictions cannot be derived from present qualification test results.

3. The Alternative Approach

The optimum solution is seen to be to establish a method whereby the susceptibility thresholds of
equipments determined during qualification can be directly compared with the levels found in the installat-

ion and the margin of safety established directly. In order to find such an alternative approach we must
examine the paths of interference from the varicus sources to an equipment. These are shown in Figure 2.

Interference may enter an equipment through the cables - power supply, signal, control and antenna - or by

fields penetrating the equipment case. The interference on the cables is generated by other equipments
connected to the same cable, is coupled from adjacent cables within a wiring loom, or results from the
effect of fields internal to the aircraft coupling with the loom or cable. Similar fields are incident

upon the case of the equipment. The internal fields result from radiations from other equipments and
cables and from 'penetration' of fields external to the aircraft. The external fields are, in turn,
produced by the aircraft antenna systems or occur as the external environment. The external fields may of

course couple directly to the equipment through its own antenna.

The possible alternative to the measurement and simulation of the fields within the aircraft is the
measurement and simulation of the interference conditions within the cables at their point of entry to the
equipment. This approach assumes that the field does not penetrate the case of the equipment (metal) or is
not the dominant interference path. Present experience suggests that this is so except for equipments
where such penetration could have been predicted from visual inspection. The only routine measurements
that can be contemplated in strike aircrafL (and then not without difficulty) are thoe of the currents in

cable harnpsses using a clip-on current probe. The special measures required to break into the cables to
determine the currents in individual cores, or to measure the resulting volrages, are not usually possible

without removing other equipments due to lack of space. Such detailed measure-ments must therefore be
confined to special investigations. The measurement of voltage, besides requiring the disturbance of

cables, presents the further problem of the use of high impedance probes which may also be susceptible to
the interference environment.

A further problem arises with the measurement of conditions within the aircraft (including current)
in that if a cable is used to extract the signal to a measuring instrument outside the aircraft, the

interference entering the aircraft through the measuring cable can exceed the interference already present.
This problem has been overcome by the use of commercially available fibre optic links which are driven by

light emitting diodes and can transmit over a distance of up to 50 metres or more to a convenient measure-
sent point. Frequencies up to 500 MHz may be transmitted with the latest system. The battery powered

transmitter which is some 21 cm long and 8 cm diameter must be accommodated near to the measurement point
and access provided for the signal and remote control fibres. Since the largest amplitudes of interfering

signals have been found to result from the narrow band outputs of the on-board and external transmitters at
frequencies related to the aircraft dimensions, the transmitted information may be conveniently displayed
and examined on an oscilloscope.
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Work is in hand in UK to develop a method of establishing the susceptibility by a bulk current method
in which interference is injected into equipment cable harnesses during qualification (or subaequently)by
means of a current probe. The difficulty with this approach, which is necessary for large mlti-input

!systems if the teat time is to be minimised, is to establish that the cable current divides between the
individual cores in a manner similar to the division in the aircraft.

For less complex systems with up to eight inputs/outputs the susceptibility of each port has been
established separately by direct voltage injection with the equipment susceptibility being taken as the
lowest composite of the levels obtained. The harness (bulk) current has been measured during this process
for direct comparison with the aircraft conditions. It is argued that since harness current will not
exceed the core current during the equipment tests and that the core current will be loss than the harness
current during the aircraft tests, a meaningful (although imprecise) comparison can be made. The process
is shown in Fig 3, and the results of a comparison made by this method in Fig 4.

4. Design for Compatibility

So far in this paper the problems of aircraft testing, the need for the establishment of safety
margins and alternative methods of measurement have been considered. For critical systems, the margin is
required to establish a satisfactory state, to allow for variation between aircraft ann equipments during
production and to allow for changes to the characteristics of both during their life. What margins may be
readily obtained and what may be considered to be adequate has yet to be determined.

The procurement of military aircraft is a complex activity which involves the resolution of the
requirement for a total weapon delivery system - as a modern aircraft must be regarded - into its
constituent parts and the placing of contracts for their design, development and construction. The various
parts are then brought together and integrated into the total system. The final measurement of the
performance of the aircraft - against the original requirement - is carried out in the UK by the Aeroplane
and Armament Experimental Establishment at Boacombe Down and leads to a recommendation for the release of
the aircraft to the Services. A simplified form of a procurement cycle and the DIC test process is shown
in Fig 5.

More recent UK aircraft requirements have included a clause on the following lines. The aircraft and
its installed equipment shall be designed to operate without malfunction or unacceptable degradation of
performance in the electro-magnetic environment generated by all installed equipments and when operated in
the external environment corresponding to the operational scenario. Responsibility for the achievement of
compatibility, including the selection of qualification tests and subsequent integration into the airframe,
is placed with the aircraft constructor. This responsibility 'xtends to existing equipments and Government
furnished items through a co-ordination contract. An EMC Control Board is set up by the aircraft
constructor and visibility of its activities is provided to the Government Project Director and EMC
specialists at the periodic meetings of an ENC Working Group.

The highest confidence levels that can be achieved in the compatibility of an aircraft will result
from the confirmation of adequate safety margins by aircraft tests on equipments which have been purpose
designed and adequately pre-qualified. To this end, the problems of final clearance and the level of
confidence required are addressed from the outset of the project.

Whilst many manufacturers are engaged on the design of equipment for compatibility, the lack of the
definition of the problem in terms with which they are familiar - the signals to be processed - prevents
the ectablishment of the necessary design measures. It is expected that the specification of the cable
currents to be considered will provide a way of meeting this need. The design problem can be reduced to
whether or not the equipment can be made into an interference free environment by the addition of filtering
to the input and output circuits. If this is not possible, as with high data rate digital transmission,
then the interference free zone must be extended to include the wiring harness and drive circuits in such
a manner that continuing protection can be assured through the life of the aircraft.

The ultimate solution lies in the understanding of the mechanisms of field penetration and coupling
which will allow the prediction of equipment conditions by calculation. Research is in hand and progress

t. is being made, although it is likely to be a number of years before a sufficient understanding will be
available.

5. Conclusions

Existing equipment qualification tests, particularly those covering control and signal inputs, do not
provide the information required for the formulation of aircraft test plans, or for comparison with the
conditions present in aircraft to provide a measure of the safety margins available. It is now necessary
to establish these margins for the electronic equipments in flight safety critical areas of aircraft in
addition to explosives.

The requirements of MIL-E-6051D can be Pet by a proper comparison of equipment wiring harness currents
measured during equipment and aircraft tests.

Responsibility for the achievement of compatibility is now placed with the aircraft constructor with
the objective of achieving compatibility during the design process. It is anticipated that this can be
achieved through the estimation of the interference cable currents likely to be incident on the equipment
in the final aircraft installation.

L.- ' • ~ rl-
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RELIABILITY AND MAINTAINABILITY EVALUATION
DURING INITIAL TESTING

by

Jan M. Howell
6510 Test Wing/TEEES

Edwards AFB, California, U.S.A. 93523

SUMMARY

Extensive reliability and maintainability (R&M) evaluations, both quantitative and
qualitative, are accomplished during initial testing to ensure that the highest quality
weapons system is delivered to the user within existing acquisition cost and schedule
constraints. Because of the ever increasing cost-of-ownership of modern weapons systems,
the emphasis on these evaluations is increasing proportionately. This paper presents an
overview of these evaluations. The objectives, methodology used and information available
from such evaluations are discussed. The statistical analysis and methods normally as-
sociated with the R&M engineering discipline is deemphasized or relegated to appendices
when essential.

INTRODUCTION

As modern weapons systems continue to increase in capability the complexity and ac-
quisition cost increase also. These ever upward spiraling costs dictate that a weapons
system be as reliable and as maintainable within cost, performance and delivery schedule
constraints. To achieve a satisfactory level of reliability and maintainability a Fystem
must be tested to determine the baseline characteristics. Then appropriate action must be
taken to overcome discrepancies.

The complexity which caused initial high acquisition cost also caused lengthy time
delays in performing any redesign or buying different components to implement a redesign.
It is common for problems discovered in early testing to not be fixed before 100 produc-
tion systems have been deployed. To minimize the number of systems which have to be
retrofitted, evaluations must be accomplished as early as possible in the weapon system
development cycle.

In the late 1960s, the USAF Flight Test Center recognized these requirements and
pioneered the development of techniques to accomplish R&M evaluations during initial
testing. During the F-1ll, C-5A, A-7D and UH-IN test programs this methodology was de-
veloped and served the test program with steadily increasing degrees of success. By 1973
this methodology had matured and has since been used in every new aircraft test program
conducted by the USAF Flight Test Center. Most recently this methodology was used during
the Air Launched Cruise Missile competitive evaluation between the AGM-86 and the AGM-109.

OBJECTIVES

To achieve a quality weapons system at minimal cost requires that certain specific
objectives be attained. Specifically, manufacturer compliance with contractual require-
ments must be evaluated, resource requirements for the mature system must be estimated and
deficiencies (or opportunities for improvement) must be identified.

Contractor Requirements:

From the standpoint of measuring the contractor's success in meeting requirements,
every evaluation must be tailored to measure the parameters contained in a given contract.

4 Table 1 contains a list of some of the more critical parameters commonly used to specify
reliability and maintainability characteristics in contracts for new aircraft weapons sys-
tems. Often these parameters are tailored to suit the specific weapons system.

It is important to note that both the buyer and the seller should realize that the
first versions of a new weapons system will not demonstrate the R&M characteristics that
can eventually be achieved by a mature version of the weapons system. Design error, lack
of established quality control procedures, untrained manufacturing personnel, and lack of
production tooling are among the many reasons that the first produced versions of an air-
craft are not as reliable as aircraft produced later in the production run. The rate of
improvement and the factors affecting it are the subject of a well known paper by Mr. J.
T. Duane of the General Electric Corporation (reference 1). The Duane reliability growth
theory has been the subject of some controversy but the controversy concerns the rate of
reliability improvement, not the existence of reliability improvement. Appendix A pre-
sents more detailed information on the Duane reliability growth model. Figure 1 shows the
Mean Time Between Maintenance Action growth for several recently deployed USAF aircraft.

The most accurate measurement of R&M characteristics can be made durinq testinq of th-
weapons system when the environment is controlled Lo a large degree. Unfortunately at this
point in the systems' life cycle, the ultimate R&M values have not been achieved. Later
in the systems life cycle, mature R&M characteristics exist but the environment is poorly

r ,N
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known and accurate failure data is generally not available. To resolve this paradox,
many weapons systems contracts specify intermediate R&M characteristics that must be
achieved prior to the and of testing. It is these intermediate or "degraded" values of
R&M characteristics that the weapons system is measured against during initial testing.

Table 1

TYPICAL RELIABILITY AND MAINTAINABILITY PARAMETERS
SPECIFIED IN AIRCRAFT CONTRACTS

Logistics Reliability

Mean Time Between Failure

Mean Time Between Corrective Maintenance Action

Operational Reliability

Mean Time Between Mission Critical Failure
Probability of Mission Success

MaintainabilityI
.4 Maintenance Man-Hours per Flight-Hours

Maintenance Man-Hours per Sortie
Maintenance Personnel per Aircraft Squadron
Mean Time to Repair
Maximum Time (90th percentile) to Repair
Mean and Maximum Specified Task Time (preflight, turnaround, etc.)

Often the contractual definition of R&M parameters is different than the accepted (or
real world) definition used by the USAF. The underlying reason for this is that the con-
tractor can only be held i sponsible for those problems which are caused by the system
design and manufacture. The contractor cannot be held responsible for anything which is
a function of the environment in which the system is operated or maintained unless that
environment can be clearly defined in the contract. Examples of occurrences which must be
excluded from the calculation of R&M parameters include: operator/maintenance error,
foreign object damage and accident. Many contracts also exclude "wear out" items such
as tires from the d&finition of failure. It is extremely important that thtse definitions
be delineated as completely as possible in contractual documentations to prevent misunder-
standings and potential litigation.

--
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It is also important that the contractual definition of R&M parameters be as close as
possible to the accepted definition and that any differences be well understood by the
contractor, program office, test agency and eventual user. Figure 2 shows two Mean Time
Between Failure (MTBF) statistics for a system where the contractual definition of failure
was considerably different than the accepted or standard definition. In this case, the
only failures which counted contractually were those problems which would prevent comple-
tion of the planned mission and which were discovered after the aircraft had been given a
preflight inspection. These rules excluded a large number of failures. As a result, the
difference between the contractual and actual MTBF was about one order of magnitude.
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Estimating Mature System Resource Requirements:

A second objective of initial testing is to forecast resource requirements and oper-
ational achievements of the mature system. Table 2 lists some of the characteristics
measured during initial testing. Some words of amplification must accompany that table.
Obviously, a 1,000-hour test program cannot provide sufficient data to enable one to de-
termine the number of spare main landing gear axles required when the axle has a projected
50,000-hour life. But accurate usage projections can be made for components with a more
limited life. For example, the average number of landings per tire life can be accurately
determined. Similarly, the mean time between maintenance action for a simple, highly re-
liable subsystem such as an aircraft interphone is hard to determine with confidence, but
for a more complex system such as the fire control radar the failure 7requency is cor-

*respondingly higher and thus easier to measure during a short test program.

Although many individual results from initial testing are obviously either valid or
invalid, a large class of results cannot be so easily classified. For this reason it is

* ,necessary to resort to some statistical tools. Various tests of significance have been
*used in the past but the most meaningful approach seems to be the use of lower confidence

limits. The use of confidence limits allow one to state that if a given test were to be
repeated a large number of times then for any given percentage of the time the results
would be no worse (or better) than the lover (or upper) confidence 1 mit. For example,
if an article is tested 1,000 hours and fails 10 times then MTBF is 100 hours and the 90th
percentile lower confidence limit is 66 hours. This states that 90 percent of the time
the MTBF will not be lower than 66 hours. These limits are useful in conveying the rela-
tive uncertainty of results while simultaneously presenting the possible 'worst case" that
may exist. For these reasons, lower confidence limits are calculated and reported along
with actual results.
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Table 2

RELIABILITY AND MAINTAINABILITY CHARACTERISTICS
MEASURED DURING INITIAL TESTING

Reliability

Component Life
Mean Time Between Demand (time between need for a spare)
Retest OK Rate
Repairable Rate

Maintainability

Task Times
Facil-ties Requirement
Support Equipment Utilization

Operational Availability

Mean Down Time
Sortie Generation Rate
Operational Ready Rate

Identification of Deficiencies:

The last and most challenging objective is the identification of deficiencies (or
opportunities for improvement). Of the new aircraft weapons system tested at the USAF
Flight Test Center in the last ten years an average of 800 deficiencies were found on
every test program. These 800 deficiencies range from the trivial, easily fixed category
to the very significant problems requiring major redesign efforts. Approximately 50 per-
cent of the 800 2eficiencies were directly related to reliability and maintainability
uroblems.

One example of a serious yet easily fixed problem was an aircraft that was delivered
with inadequate markings to show what areas the maintenance technicians could walk on.
The potential for costly damage was high but the problem was quickly fixed with paint.
Another serious, but easily fixed problem involved the rubber bumper pads the main landing
gear tires rested against when the landing gear was retracted. The original installation
pads were glued on the mounting structure and, after some brief usage, fell off. More
serious than the pad loss was the fact that without the pads to stop the tire, the gear
traveled too far during retraction and damaged the electrical switches which indicated
when the landing gear was in the up and locked position. After the switches and pads were
replaced, the aircraft had to be placed on jacks and the landing gear cycled between the
up and down position to insure correct operation. This checkout procedure was costly in
terms of man-hours and aircraft nonavailability. Riveting the pads in place solved the
problem.

Unfortunately, the problems that are easily fixed are those that shouldn't have oc-
curred in the first place. Generally they are a result of oversight or just plain sloppy
design work. Problems that are more difficult to correct often result when weapons system
performance is expanded at the cost of reliability or maintainability. A good example is
the enhanced vision or "bubble" canopies used on modern tactical aircraft. When the de-
sired vision :s achieved, the mechanism made to function throughout the required tempera-
ture range, and the entire system made to function in icing conditions, very little room
is left for the designer to optimize maintainability.

As a result, the early versions of the "bubble" canopies were very difficult to
adjust. When these canopies are maladjusted, the canopy either refuses to lock closed
(ground abort), leaks pressure (a probable air abort) or refuses to unlock after landing
(which upsets aircrews somewhat). The task is so difficult that one aircraft required
several hundreds of man-hours to change a canopy. As a result, the manufacturer under-
took at his own expense a major redesign to lower the man-hours required for initial can-
opy installation and adjustment because the cost of reengineering the system would be re-
couped during production.

During a test program identification of deficiencies is a major consumer of R&M
engineering man-hours. When an 18-month, 1,000-hour flight test program uncovers 400
R&M related deficiencies this means that the R&M engineering group averages one new
problem every working day. Each problem must be thoroughly researched to insure that all
causal aspects of the problem are adequately documented. This research amounts to gather-
ing all pertinent evidence regarding the problem. Such evidence might consist of state-
ments from operations o - maintenance personnel , photographs (or video tape) of damaged
parts or problem processes, drawings or instrumentation data. The analogy between the
test engineer documenting a problem and a lawyer building a case is strong and appro-
oriate. Sufficient analysis must be performed to determine the impact of the particular
problem. Any recommended changes to alleviate the problem must be identified and vali-
dated. Most importantly, the problem, impact, and any recommendations must be thoroughly
documented and promptly reported ',o the agency which has the authority to ipprove needed
changes. Lastly, when a fix is implemented, it must be tested to insure that the prob-
lm was really fixed. A surprising percentage of fixes either do not correct the problem
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or introduce new problems. Perhaps this follows from the fact that if the design was
difficult to accomplish the first time, it is no easier the second or subsequent times.

Once the information concerning deficiencies has been disseminated to program man-
agement and contractor personnel the R&M engineering group is often called upon to further
pxplain the problem, to defend judgments concerning problem impacts and provide rationale
for suggested changes. But the return on engineering hours expended is absolutely worth
the effort. The reliability improvement discussed earlier does not occur if the problems
are not isolated and effective corrective actions taken.

PROGRAM PLANNING

The first step towards accomplishment of these objectives is proper R&M evaluation
program planning. To accomplish the planning tasks, a Joint Reliability and Maintaina-
bility Evaluation Team (JRMET) is formed six months to a year prior to the actual start
of testing. This team is composed of representatives from the developing agency, the
eventual using command, the supporting commands, the test organizations and the con-
tractors. Among the tasks accomplished by the JRMET during the planning phase are:

1. Insure adequate training for operations and maintenance personnel prior to

start of evaluation.

2. Insure availability of technical data.

3. Insure availability of ground support equipment.

4. Determine evaluation ground rules.

5. Determine requirements for data collection and processing.

6. Determine responsibility for data collection and processing.

R&M DATA COLLECTION

The tool most essential to the accomplishment of these objectives is a corprehensive
R&M data collection system. Information gathered by this system must be of sufficient
detail to allow engineering personnel to assess the need for changes and estimate the
effect of any such changes. While such detailed data collection would be cost effective
for a mature, well understood weapons system, it is essential for new systems. Generally,
the data required to perform an R&M evaluation can be divided into two broad categories:
Operations (or usage) data and maintenance data.

Operations (usage) Data:

The operations data must gather all information regarding equipment usage. This must
include the time or cycles the system was operated, the environment the system was operated
in, and the type of mission that was being attempted. For aircraft where not all subsys-
tems were needed or used for every mission, the subsystems that were used and their ef-
fectiveness must be recorded. Any anomalies noted by the system operator must be docu-
mented in sufficient detail to facilitate further investigation by maintenance and en-
gineering personnel.

Maintenance Data:

Aircraft maintenance actions can also be divided into two categories: scheduled
maintenance (servicing, inspection, etc.) and unscheduled maintenance (corrective main-
tenance). Data from either type of maintenance must show all resources that were used
during the action. These resources include:

Personnel (Types/numbers of maintenance technicians and time required)

)Facilities (Engine run pad, fuel cell repair area, etc.)

Expendables (Fuel, oil, lox, etc.)

Ground Support Equipment (Types and time used)

rSpares (Replacement for broken parts)

The resources used measure the cost of doing maintenance and must be documented accurately.
For corrective maintenance, a complete and detailed description of the problem must be
recorded. Additionally, a detailed description of the actions taken to investigate and
remove any anomaly must be recorded?.

The required accuracy does not come automatically. The malnten nce technicians must
be trained to fill out the required forms completely. Most imiportantly, the technicians
must be motivated to provide the required documentation accuracy. The necessary motiva-
tion is achieved when the technicians understand that the informat ion they provide is

__ _
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their method of participating in the test and that it is needed and used to obtain a
better weapons system.

Another facet of R&M data collection that requires particular attention is failure
analysis information. Generally, this information must be obtained from the contractor or
his vendors. The failure analysis process can be expensive but it is necessary to know
the exact cause of failure before any corrective redesign can be considered. Provisions
for detailed failure analysis should be contained in contractual documents with the re-
sults to be provided to the customer. Even with such appropriate contractual requirements,
it is necessary for an R&M engineer to monitor the flow of failure analysis information to
insure that the test agency receives the needed information.

Data Processing:

Once the raw data forms are completed, they must be processed to arrange the infor-
mation in a manner most suitable by engineering personnel. The processing system used
at the USAF Flight Test Center is called the Systems Effectiveness Data System (SEDS) and
is a computerized information processing system designed to be used on large scientific
computers such as the Control Data Corporation's Cyber series machines.

The data forms are keypunched and the cards entered into the system where the data
is validated by software routines which identify and reject data containing machine de-
tectable errors. Once the d-ta is free of machine detectable errors, the system processes
the information into a data base for subsequent analysis. The most important facet of the
data base is the organization of the data entered. The maintenance actions required to
complete the investigation or repair of a single anomaly occur at different locations
(flightline, intermediate shop, depots or contractor) and at different times. Many months
often elapse between the discovery of the original problem and the eventual repair at a
vendor's facili'y. The system collects all maintenance actions related to a given prob-
lem occurrence, groups them together and in chronological order, and calculates such param-
eters as total man-hours expended on that problem cccurrence. Once all related data is
gathered and linked, the engineer is able to see the complete sequence of actions from
when the problem is discovered until final resolution is reached.

TEST AND EVALUATION

When the planning is complete and arrangements are made to acquire and process the
necessary data the stage is set for the actual evaluation to begin. it is important to
note that no aircraft flight time is specifically dedicated to R&M evaluations. Instead,
the R&M data results from the flight operations needed for other testing. Some dedicated
time on the aircraft is needed to perform maintenance demonstrations, but these demonstra-
tions are performed in conjunction with routine maintenance or the technical data veri-
fications and do not significantly impact the overall test program.

Data Review:

In addition to the time spent identifying deficiencies discussed earlier, an impor-
tant part of the evaluation is the review of R&M data which is the primary JRMET function
during the evaluation. Every maintenance action must be reviewed to:

1. Insure accuracy of data by makino necessary corrections and additions.

2. Classify failures as critical or noncritical, relevant or nonrelevant, etc.

3. Determine need for corrective relesign.

Once the data is reviewed/corrected, R&M results such as failure -ates, maintenance

man-hour requirements, etc., can be computed and reported. Judgment can be mad- regardino
contractor success in meeting requirements. Nature sys

t
er resource consumption estimates

can be made and any required idjustments to planned resource allocaticns can be effected.

CONCIAtSIONS

In order to identify deficiencies as early as possible in the weapon system develop-
ment cycle, R&M evaluation must begin with the start of initial testino. With adequate
plannin<i, trained R&M enoineering personnel -nd a suitable data collection system a ma-
jority of the R&M de fi ,-inces should be dis overed before the system is deliveied to the

Seventual user. :iimilarly, manufacturer suctess in meetino R&M requirements can be de-
terminedl and resource requirements for the mature system can be estimated.
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APPENDIX A

RELIABILITY IMPROVEMENT

Reliability improvement has been a subject of significant discussion for many years
and numerous techniques to forecast the rate of reliability improvement have been used.
In 1962, Mr. J. T. Duane of the General Electric Corporation published a paper describing
a reliability growth model that has, over the intervening years, come to be accepted as
the standard for explaining positive changes in reliability. The Duane theory postulates
that:

)LI X- H-a
IH

where:

XI = Cumulative Failure Rate

H = Total Test Hours

F = Number of Failures During Time H

K = Constant Determined by Circumstances

- = Growth Rate

From an applications viewpoint, this model represents practical reliability growth
so well that when empirical data does not agree with the model, the data should be con-
sidered suspect (reference 2). In addition to the accuracy with which the Duane Theory
models reality there is another significant point in its favor. When plotted on logrith-
mic chart paper (both axes), reliability improvement appears as a linear relation of test
time as in figure A-1.

There is one slight drawback to presenting data in the form of figure A-l and that
is the question: "If reliability is improving, how come the graph goes down?" To answer
this question (usually originating from management) it is necessary to depart from the
basic Duane theory and plot the reciprocal of failure rate, (i.e., mean time between
failure) as in figure A-2.

One additional amplification is also useful. By definition, the basic Duane Theory
deals with the cumulative reliability but it is normal to want to know the reliability at
different specific times. Differentiating the cumulative failure rate with respect to
time in Duane's expression yields:

(1-a) KH or (1-)

Then, the instantaneous failure rate is: (1-a) times the cumulative failure rate. Simi-

larly, the current mean time between failure rate is 1/(l-a) times the cumulative mean
time between failure.

.4
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SUMMARY OF SESSION II - AIRCRAFT SYSTEMSTESTING

Though the basic harmonization of guns and gunsights can be evaluated by air-to-ground
gunnery, air-to-air gunnery is essential for the final evaluation because of factors
such as fuselage bending during high g maneuvers. The air-to-air evaluation is accom-
plished using towed targets with miss-distance measurement capability which utilizes the
shock waves of the bullets for counting and distance calculation. At the RAE, not only
the number and the range but a quadrant direction of the bullets can be detected by an
acoustic miss-distance indicator based on the signals of four microphones placed on the
target. At the AFFTC, evaluation software utilizes data from head-up display film and
on-board instrumentation to generate a "bullet-line" that would have occurred if bullets
had been fired at the test conditions. Though the equipment and therefore the costs of
tow targets are increasing, the inherent accuracy can be used to reduce the number of
flights in the development and evaluation phase of gun and gunsight testing.

The engine installation in military aircraft requires close cooperation between the air-
craft and the engine manufacturer to optimize the engine-airframe integration. The dis-
cussion pointed out the large differences between the requirements for civil and military
engines. The military engine is operated nearer to its limits, so compressor stall mar-
gins, high angle of attack operation, hot gas reingestion from gun or missile firing and
the dynamic behavior at abrupt changes in the power setting are potential problems, where-
as in civil engine performance, fuel consumption and the certification are the main con-
cerns of the flight testing.

The problem of terrain following (TF) flight is to select the optimal TF height above the
ground as a compromise between being low enough not to be detected and being too low to
have adequate obstacle clearance. The major task of testing these types of systems is the
confirmation of performance and safety. As the TF will be largely operated in an automatic
mode during operation under all-weather conditions it is evident that the pilot must be
involved in the very early test and simulation phase to define the limits of the system
for the high risk missions over rough terrain and to know all the effects of various failure
modes.

The necessity for interrelated design of the entire landing gear system was strongly pre-
sented. The system concept must include the gear structure, tires, brakes, control devices,
and must also cover all modes of operation of the gear and aircraft. Continued advances
are being made in the design and construction of each sub-system and test techniques to
allow determination of system performance. Considerable discussion evolved on tires, tire
pressure measurements, and runway friction measurements. Some ideas were expressed to
require better standards for tires - especially retread tires- and to give pilots more
instrumentation relating to the condition of their tires or landing gear. Others pre-
ferred to have the aircraft operators devise better preflight inspection and control sys-
tems for landing gears, i.e., no more governmental standards. Little trust was expressed
for any of the so-called runway friction measurement techniques now in use.

Design techniques and the instrumentation to check performance for helicopter rotors
operating at vehicle speeds of 200 knots were presented. Data were taken from the rotor
through slip rings to on-board instrumentation to allow the pilot to determine safe stress
levels as flight conditions were changed. Rotor vibration levels as felt through the

4 structure by the crew were not a safe method for limiting stress levels. A telemetry unit
was used to transmit data from the aircraft to a ground station for complete analysis.

The problems produced by unwanted electromagnetic signals in aircraft were outlined. Al-
though electronic equipment in aircraft is shielded by metal boxes and metal aircraft
structuring, the wiring systems in aircraft act as antenna and pick up various signals from
sources on-board the aircraft as well as outside. The wires conduct these signals through

J4 bulkheads and safety covers. Math models have been developed for some simple wiring
systems. A strong point was made for requirements to be made early in the design stage
of an aircraft to reduce electromagnetic interference problems.

The deficiencies and their effects on reliability of new flight systems were outlined.
Methodologies to accomplish R&M evaluations during initial test programs of a vehicle were
presented. There was agreement that good R&M started with proper requirements for the
vehicle or system. Thereafter, R&M should be a special subject for the contractor.
Techniques to check R&M and to correct defects are available, but fixes are expensive.
Do it correctly the first time.
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UNIQUE TEST CAPABILITIES OF THE
EGLIN AFB MCKINLEY CLIMATIC LABORATORY

Richard D. Toliver
McKinley Climatic Laboratory

Eglin AFB Florida 32542

SUMMARY

The technical facilities of the Eglin Air Force Base McKinley Climatic Laboratory are
described. The major facilities include the 93,000 cubic meter Main Chamber and the
2.440 cubic meter Engine and Equipment Test Cell.

INTRODUCTION

Do simulated climatic tests yield results similar to field tests under natural condi-
tions? This question is often asked and has been studied extensively at the Climatic
Laboratory. Problem areas in successful simulation include precise identification of
degrading environmental factors, determining appropriate length of laboratory and field
tests, interaction effects of multiple natural influences, variability of results in
nature, over and under severity of laboratory tests and lack of quantitative scaling
factors between laboratory results.

By comparing reports of natural environmental tests and reports of testing accom-
plished at the Climatic Laboratory, It has been determined that chamber tests are highly
preferable to field tests in terms of time, cost, convenience, and precision. However,
chamber tests often do not predict long term effects of environmental exposure.

Nost problems of simulated testing disappear when tests are performed on full scale,
production or pre-production hardware. Because of the enormous size of the Climatic
Laboratory facilities, "field" testing may be accomplished to a great extent, inside
the test chambers. At the Climatic Laboratory a test team has the flexibility of testing
in a natural environment and with precision obtainable only inside a controlled chamber.

HISTORY

Interest In environmental testing of Air Force equipment dates back to 1934 when the
Baker Board recommended that tactical units be trained in winter conditions and at least
one squadron undergo all-year training in Alaska. This led to the establishment of Ladd
Field at Fairbanks Alaska, in 1942.

The Cold Weather Test Detachment faced many difficult problems. Transportation was
difficult and sometimes extremely hazardous. Weather, because of its uncertainty,
played havoc with schedules.

These problems, plus the fact that much of the Air Force equipment at this time
could not be used in temperatures below -200C, made it clear that a more positive
means of cold weather testing must be found.

In September 1943, the Army Air Force cold weather testing mission was assigned to
what is now the Armament Division and through the efforts of Colonel H. A. Russell and
Lt Col A. C. McKinley, plans were completed for constructing the Climatic Laboratory in
May 1944.

Testing began at the Laboratory in May 1947. Army Air Force tests proved to be so
successful that the Climatic Laboratory became a facility utilized by all agencies of
the Department of Defense.

MISSION

The mission of the Climatic Laboratory is to provide global (surface) climatic
environmdntal testing conditions in order that the United States Air Force and other
Federsi agencies may develop and test systems. The Laboratory has supported development
ana testing programs for many agencies, including Air Force, Coast Guard, Army, Marine
Corps, National Aeronautics and Space Administration, National Weather Service, National
Science Foundation, Air Force Geophysics Laboratory, and the Tennessee Valley Authority.

To accomplsih the mission of the Climatic Laboratory, the assigned personnel provide
the following services:

a. Operate and maintain 11 testing facilities to provide environments.

b. Provide consultant engineering services for users of the facilities.

c. Design, manufacture, and install test support equipment.

d. Design, fabricate, and install instrumentation and data collecting systems.

In addition to the 11 major test chambers, 14 small test chambers are available at the
Fuze Test Facility for environmental testing of explosive items such as bomb fuzes and
ammunition.
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MAIN TEST CHAMBER

The 93,000 cubic meter Main Chamber of the Climatic Laboratory is unique in that it

is the largest and most complex climatic environmental test chamber in the world. Inside
dimensions are 76.8m wide, 61.3m deep, 21.3m high in the center, with an apperdant floor
area 18.3 by 26 meters. In this chamber the Laboratory can produce special conditions
such as rainfall to 40cm per hour, winds up to 160 knots, snow, solar radiation, humidity
10 to 95 percent, freezing rain, in-flight ice accretion of different types, and tempera-
ture extremes from -550 C to +750 C. Items varying in size from a tent to the C-5 Galaxy

, aircraft have been tested in the chamber.

Figure I shows the physical layout of the Main Chamber. Access to the chamber Is
through the main doors which open the full 76.8 meters of the chamber width. The other
major opening into the chamber is the 4.6 meter high by 15.2 meter wide vertical lift
door. All doors may be opened while the chamber temperature is being controlled.

Figure 2 shows the C-5 Galaxy transport aircraft undergoing testing at -400 C inside
the Main Chamber. Because of the tremendous size of th- chamber, more than one item
can be tested simultaneously. At one time during the C-5 test, two other aircraft, a
F-100 and A-7, were in the chamber with the C-5.

AIR MAKE UP SYSTEM

A unique characteristic of the Main Chamber is an air make up system used to cool or
heat air to the test temperature and inject this air into the chamber to allow the opera-
tion of jet engines during climatic tests. Up to 295 kilograms of air per second may be
injected into the Main Chamber. Sustained engine runs at -55*C are pcssible without loss
of chamber temperature.

Figure 3 shows a typical installation of a high performance aircraft in the Main
Chamber. The F-16 aircraft is positioned on hydraulic jacks to afford a stable platform
for the tie-down. Steel cables are then secured to the aircraft. This type of tie-down
allows the aircraft to be run at full afterburner if necessary. Hot exhaust gases from
the engine are taken out of the chamber through a duct fitted aginst the tailpipe of the
F-16 and extending through the wall of the chamber.

Test personnel and test instrumentation are housed in the white buildings in the
left portion of Figure 3. Shirt sleeve environments are maintained inside these rooms
regardless of the chamber temperature.

ICING

Icing of a number of different types may be accomplished in the Main Chamber. Heli-
copter blade icing can be performed by a spray frame suspended vertically in front of
the helicopter, or from a frame suspended horizontally above the aircraft. Icing teits
may also be performed on a fixed wing aircraft. Liquid water contents between .g/m
and 5g/m 3 are routinely produced. Typically, a spray frame is positioned in front of
the aircraft, and large fans are used to blow the spray cloud toward the aircraft.
Cloud velocities are normally below 60 knots.

The amount of water to be injected into the flow field in order to obtain the desired
liquid water content is determired analytically. Because the spray frame functions as a
large evaporative cooler, the required water amount is the sum of the cloud liquid water
content and the amount of spray that is being evaporated. The amount of water which is
evaporating is calculated from a mathematical model developed at the laboratory. To
verify analytical calculations, cloud liquid water content, particle size distribution,

kparticle velocity distribution, cloud dew point, and chamber dew point are recorded and
reduced by computer in real time during the actual icing test. Obviously, real time
data reduction provides a powerful tool for spray frame control.

In situ measurements of particle size and velocity of polydispersed transparent
spheres (rain drop and icing cloud particles) are made with a laser-based particle
sizing interferometer. The system is non-intrusive, and as such, does not interfere
with the phenomena being measured.

A sample probe is formed by the intersection of two equal intensity laser beams.
The laser beams issue from a transmitter, and information is picked up by a receiver.
The receiver may be located up to six meters from the transmitter anywhere in a 3600
circle around the transmitter. Figure 4 shows a simplified optical configuration of
the inteferometer. Particles passing through the probe region scatter light from the
two beams. The period of the doppler shifted scattered light signal is measured and
used with a set fringe spacing to determine the velocity. By also measuring the ratio
of the oscillatory part of the signal to the overall pedestal amplitude, the s-ize of the
particle is determined. Liquid water content calculations are made in real time from
the particle size and velocity information coupled with a known value of the sample probe
size. All particle data is reduced in real time and displayed as a histogram of particle
size and particle velocity and a table of numbers of particles versus size and velocity.
Particles from five microns to five milimeters can be measured. A typical measurement
range would be from eight microns to 80 microns. Each particle is measured, but parti-
cles are normally grouped into 50 to 60 bins separated by one to two microns for data
presentation.

L M _,_4k l " I I I I -... . . . .... .. 1
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An icing spray frame can be seen In Figure 3 directly in front of the F-16. The
small white boxes beneath the nose of the F-16 are the transmitter and the receiver of
the interferometer.

Because of the ability to precisely control icing conditions, it is not unusual to
be able to perform several completely different icing tests per day. Five different
liquid water content and temperature combinations for helicopter rotor icing have been
accomplisoed in one day.

TEST ITEM DATA COLLECTION

Test item data collection is provided through three instrumentation terminals each
*having 192 pairs of number 16 shielded instrument lines. One terminal is located on

the south wall and the other two on the east ind north walls.

Data lines are terminated in a patch panel located in the Laboratory computer room.
A total of 400 data channels can be recorded at one time.

MISCELLANEOUS CAPABILITIES OF THE MAIN CHAMBER

Electrical Power: 440V, 3-Phase, 60Hz; 220V, 3-Phase, 60Hz; 120V, 1-Phase, 60Hz;
28VDC; 120/208V, 3-Phase, 400Hz.

Bomb Pit: The bomb pit, located in the center of the chamber, is 3m wide,
2.7m deep, and 25m long. Munitions can be dropped into this pit
to evaluate release mechanisms on aircraft.

Gun Firing: A projectile trap permits gun firing of automatic weapons up to
30mm. Requests for gun firing support are evaluated for safety
based upon rate of fire, velocity, caliber, and length of burst.

Snow: Snow can be made in the Main Chamber in varying densities and in
quantities up to 6m3 per hour.

Control and An Observation room with three large nonfrosting observation
Monitoring: windows is located in the south wall and a similar room on the

north side of t-he chamber.

ENGINE AND EQUIPMENT TEST FACILITY

The Engine Test Facility is used for environmental qualification and external and
internal icing of turbojet engines. This facility is supplied with refrigeration from
the same system that supplies the Main Chamber. Therefore, due to its smaller size, the
tempeyature range is greater (+700 C to -770C), and the maximum cooling rate is much
faster (15C to -65*C in 7 1/2 hours). Permanently installed instrumentation includes
equipment for recording temperatures from -70°C to +1650C, gauge lines for recording
pressure at over 100 pickup points and a vibration indicating system. A high speed
Digital Data Acquisition System can be used to write computer input tapes. In addition,
oscillographs are available for recording transient data and a closed circuit television
network can be used to facilitate testing. Specific details of the facility are:

Size: 39.6m long, 9.2m wide, 6.7m hih. Usable floor space is limited to approxi-
mately 30m by 9.2m because of two fuel storage tanks located within the room to facili-
tate fuel cold/hot soak for engine testing. These fuel tanks may be removed if neces-
sary.

Air Make Up: Same as Main Chamber.

Access to Facility: An electrically operated door, 9.2m by 7.6m opens the entire
south wall of the room. An air lock, 6.7m square, is provided in the southeast corner
of the room. Two personnel doors lm by 2.lm are provided in the east wall.

Figure 5 shows the physical chararieristics of the Engine and Equipment Test
Facility.

Control and Monitoring: A control room with three nonfrosting observation windows
is located in the east wall. Portable heated booths up to 3.7m by 3.7m may also be
used Inside the chamber for monitoring and contiol.

Engine Test Stand: The test stand Is located at the south end of the room and is
adaptable to aircraft engines of all types. The test stand may be removed from the
facility if necessary.

Thrust Measurement: The engine thrust is transmitted through the test bed to load-
sensing elements and then displayed on different instrumentation as required.

Icing Capabilities: Icing spray frames can be fabricated to meet the particular
requirement for engine icing. Fuel icing is accom;!Iished by controlling the liquid
water content of the fuel, the temperature of the fue'l, and the test space temperature
to produce icing conditions.



17-4

Humidity: Same as Main Chamber.

Electrical Power: Same as Main Chamber.

Snow: Same as Main Chamber.

Altitude Capability: None.

SUN, WIND, RAIN. DUST FACILITY

The Sun, Wind, Rain, and Dust Facility is designed to facilitate rain, solar radia-
tion, and dust testing. Rainfall, .03cm/hr to 40cm/hr, can be simulated over the entire
15.2m by 15.2m floor of the chamber. Winds up to 60 knots can be simulated, and these
winds can be in conjunction with the rain or the sand and dust.

Size: The inside dimensions of the chamber are 15.2m by 15.2m by gm.

Temperature Ranges: 210 C to 700 C.

Humidity Control: From 95% at 710 C to 20% at 20C.

Solar Radiation: 46.5m 2 of solar radiation up to 1300 watts/m 2 .

Access: Four vertical lift doors, 4.6m high by 4.9m wide, are provided in the cham-
ber. The room also has two personnel doors. An observation window and several ports
are located in the control room for viewing and access to instrumentation.

Wind Machines: Up to three wind machines can be used at one time. Each machine
can produce volocities from 5 to 60 knots.

Sand and Dust: Sand and dust are introduced into the chamber from outside sources
and are maintained in suspension by the wind machines. The dust is filtered out of the
air, and the air is then conditioned and returned to the chamber where more dust is
added to it, thus assuring precise temperature and humidity control during tests.

Electrical Power: 480C, 3-Phase, 60Hz; 120/208V, 3-Phase, 60Hz.

Figure 6 shows the physical characteristics of the Sun, Wind, Rain, and Dust Test
Chamber.

PHYSIOLOGICAL STRATO CHAMBER

The Physiological Strato Chamber is the Laboratory's only chamber in which altitude
as well as temperature can be simulated. Temperatures to -700 C and simulated altitudes
as high as 25,000m have been attained. With pre-cooling, the temperature in this cham-
ber can be reduced from +200 C to -560 C and, at the same time, pressure lowered to 87mm Hg
(15,000m) in 12 minutes.

A lock Is provided so that personnel may enter and leave the chamber with minimum
interference to test conditions. In addition, instrumentation panels are provided to
facilitate the recording and control of test data.

The chamber is constructed of welded steel, insulated with 13 sheets of reflective
metal insulation in the chamber and 7 sheets in the lock. The chamber is constructed to
withstand pressures from zero absolute to one atmosphere.

Size: The chamber is 4.1m long, 2.9m wide, and 2.2m high. A lock adjacent to the

chamber is 3.05m wide and 1.32m long.

Temperature Range: +60C to -70°C.

Communications: An aircraft-type intercommunication system is provided for commu-
nication between the outside and the chamber. Six observation windows are provided.

Access: Door size for both lock and chamber is .65m by l.lm.

Electrical Power: Same as All Weather Room.

04 SALT TEST CHAMBER

The Salt Test Chamber is designed to provide salt fog and salt spray conditions in
accordance with applicable testing standards.

Size: Interior dimensions are 17m long, 4.9m wide and 4.9m high.

Temperature Range: 10C to 77°C; relative humidity from 30% to saturated.

Access: End doors 4.6m wide and 4.6m high; one personnel door .9m by 2m.
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ALL WEATHER ROOM

One of the most versatile facilities in the Climatic Laboratory is the All Weather
Room. In this chamber, arctic to jungle conditions can be produced on an overnight
basis. Rainstorms up to 40cm of rainfall per hour can be created. Sand and dust storms
as well as snow can be produced as the test requirements demand. Its specifications are:

Size: 13.2m by 6.7m by 4.9m.

Temperature Range: +770C to -620 C. Maximum cooling rate is from +150 C to -62°C in
24 hours.

Humidity Control: From 5% to 95% with regulation to within ±2%.

Access: A vertical lift door, 4.3m wide by 4.7m high, opens to an outdoor ramp on
the east end of the room. A personnel door, .8m by 2m, is provided on the south wall.
Small doors, ports and windows are located within the walls for viewing and access to
instrumentation and power leads.

Sand and Dust: Sand and dust are introduced into the chamber from outside sources
and are maintained in suspension by wind machines.

Electrical Power: 440V, 3-Phase, 60Hz; 120/208V, 3-Phase, 60Hz; 120/208V, 3-Phase,

40OHz; 28VDC.

WHO MAY USE THE CLIMATIC LABORATORY

The Climatic Laboratory is a technical facility operated for the USAF by the
Armament Division (AD) and is available for use by all Department of Defense agencies,
commercial non-Government contractors with Federal executive agency sponsors, and
foreign allies. Inquiries concerning the technical capabilities of the Laboratory should
be addressed to: Headquarters, AFSC/DLXL, Andrews AFB MD 20334.

Testing periods for the Main Chamber must be scheduled well in advance; however, they
are flexible where possible in order to provide maximum chamber utilization. Testing
periods for the smaller auxiliary chambers are arranged according to the specific require-
ments of the testing agency.

It is suggested that, whenever practicable, an advance planning meeting be held at
AD, with representatives from the sponsoring agency and the testing agency or contractor
in attendance. This meeting should be planned with the following purposes in mind:

a. Afford all test personnel the opportunity to review, define, clarify, and reach
agreement on the test support requirements. It should be possible at this meeting to
identify those requirements which can be satisfied by resources at AD, those which will
require procurement action by AD, and those which the sponsoring agency may be required
to provide.

b. Provide prospective users the opportunity to become familiar with the details of
operation and the capabilities of the Laboratory.

No action can be taken on requests for tests which are received directly from
industry; however, contractors holding contracts with any agency of the Department of
Defense may conduct tests in the facility when sponsored by the DoD agency with whom
they are under contract.

Upon receipt of a test request from the DoD testing agency or the DoD sponsoring
agency, AD will review the support requirements and will advise all concerned of AD
acceptance or rejection, and of any recommended changes to the test procedures or support
requirements. No test, however, will be supported without an official letter or message
from the responsible DoD agency requesting support of the test and approving expenditure
of necessary funds. After receiving an acceptance notice from AD, the requesting
agency must notify AD of its firm intent to conduct the test. Upon receipt of this
notice, AD will schedule the test.

For emergency tests, AD will immediately review each request for test support on its

own merits, and will consider providing support on an "as available" basis, making every
effort to cooperate with the responsible DoD agency.

4CONCLUSIONS

The large size of the Climatic Laboratory chambers allows complete systems to be
tested under a large number of climatic conditions. Not only can the machine be tested,
but also the man-machine interface.

I."

/
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Out of years of testing experience has grown a philosophy equally applicable to all
services and agencies of the Department of Defense. This philosophy embraces the concept
that environmental testing of all systems is a vital necessity in the improvement of
overall system reliability. Througai both simulated and natural environmental testing
we are afforded an opportunity to continually study and understand the mechanics of
failure and so approach total reliability. Because of the flexibility and relative low
cost of simulated testing as compared to field testing, it is evident that the Climatic
Laboratory is one of the most outstanding examples of money saving and methods of
improvement within the Department of Defense.
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DEVELOPMENT FOR HELICOPTER FLIGHT IN ICING CONDITIONS

by

David Gibbings C. Eng., M.R.Ae.S.

Helicopter Icing Trials Manager . bJ,.ALo O- '1j- .,4

Westland Helicopters Ltd.,

Yeovil, Somerset, England, BA20 2YB.

SUMMARY

Helicopters have reached a stage in their development where prolonged flight in icing conditions has

become an operational necessity. Over the last decade technology proving programmes have been undertaken
in Europe and North America and all weather operations are now a practical proposition.

The requirement for airframe, intake and rotor deicing systems and the instrumentation considered
necessary for safe flight development are discussed. The problems involved in carrying out icing and
snow flight development as part of a full prototype development programme are considered and some of the
favoured icing simulation test methods are covered.

The conclusion is devoted to a description of the way in which an icing release may be substantiated

including a statement on the current state of the art.

DEVELOPMENT FOR HELICOPTER FLIGHT IN ICING CONDITIONS

1. INTRODUCTION

Since its emergence as a practical flying machine the helicopter has evolved over the past thirty five

years an established place in the aviation scene. During this time they have been regarded with some
condescension by the fixed wing fraternity as a mechanical novelty whose rightful place is to provide

support for real aeroplanes, indeed the next best thing to flying.

The situation is changing and the toy has grown up. The modern helicopter can boast Automatic Flight
Control systems and avionics sufficient to gain entry into the most hallowed regions of restricted

airspace. The armed helicopter has a terrifying capability of destruction and has changed the whole
concept of anti submarine warfare. ielicopters dominate the rescue and oil rig support scene and are
expected to maintain their role regardless of weather.

It follows that requirements and specifications for the next generation of helicopters are beginning to
contain some very positive statements regarding sustained flight in icing and it will therefore come as
no surprise that helicopter manufacturers in Europe and the U.S.A. are all actively working on icing
development programmes.

2. THE PR.LEX

Icing has always been a bogey man to the helicopter operator, helicopter operations are rarely above

10,000 ft. A region where icing is most likely to occur.

The term icing covers a range of climatic conditions. Firstly our old enemy natural icing, this takes
the form of supercooled water droplets in suspension in sub zero cloud, which freeze on contact with any
object passing through. Ice subsequently builds up on all forward facing surfaces including rotating
blades and controls. With the power available these days fuselage accretion in its own right does not
cause a great deal of embarrassment but it can effect the efficiency of aerials, block vents and air
inlets and in the process of shedding can find its way into intakes and tail rotor.

Ranging as it does from hover to fast forward flight in climb or descent and accompanied by vibration, ice
shedding does present a helicopter problem. The trajectory of shed ice is less easy to predict and

repositioning the offending protuberance will often only transfer the problem to another flight regime.
Assymetric ice shedding from rotor blades will result not only in a very unpleasant ride but severe
stress penalties and of course engine intake icing is a major problem.

tThe main rotor has distinctive problems of its own. The build up of ice on the leading edge changes the

pitching moment of the blade resulting in a massive increase in control loads, continued excursions into
icing would subject the controls to oscillatory stresses far beyond those upon which the component lives
were calculated and could eventually lead to catastrophic failure. There is of course an even more obvious

effect, change in blade profile brought about by ice accretion brings about a loss of efficiency which

will eventually force the helicopter down. (Fig. 1)

Snow does not generally lead to heavy ice accretion but it does tend to build up in all sorts of awkward

places and if very fine gets into cracks and under fairings. It then melts and runs out as water to
freeze elsewhere. (Fig. 2) Snow also effects the helicopter in another way. Flying in the near hover
close to the ground it will re-circulate to envelop the aircraft totally, obscuring the ground just when
you need to know where it is. (Fig. 3) More than one helicopter has been brought back to earth rather
forceably having Ingested a blanket of snow from the structure in front of the engine which a careless
crew have failed to remove before starting. Because of their mode of operation clear vision is probably
even more critical for helicopters and the maintenance of this presents its own problems. A heavily iced
up helicopter coming into the hover can shed large chunks of ice from the rotor at near lethal
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velocities, something which the next generation of shipborne operstors will have to think about.
Paving got the thing on the deck there will then be the problem of removing residual ice during a quick

turn around

3. ROTOR DE ICING

Keeping the rotors clear of ice is more specifically a helicopter problem which has to be solved if
prolonged flight in all weathers is to be entertained and it is in this area that the main effort has been
concentrated.

Over the last decade European and U.S. projects have been developed to varying degrees utilising cyclic
electrical heating on the blade leading edges whereby heater mats are energised in turn. (Fig. 4)
Centrifugal force and vibration tend to work in your favour so that once the heat loosens the bond the
ice does fly off. In fact some helicopter rotors do self shed under certain conditions without the help
of a system, but none to the extent that it could form the basis of certification and it does vary with
the wide range of conditions and from type to type.

The amount of electrical power necessary to maintain anti icing is far too high to be seriously considered
and all the systems under development or in service utilise some form of cyclic programming. The demand
on electrical power can be further reduced in rotors with even numbers of blades by deicing blades
alternately as diametrically opposed pairs. Assymetric shedding of ice results in severe vibration and
high stresses.

The areas of accretion on leading edges have been well established and credit must be given for the ear'.v
work carried out in this field by the National Research Council of Canada. From this and subsequent fligh*
work the requirements for leading edge mat coverage have evolved.

Accretion on the leading edge will result in a rapid rise in control loads and in severe conditions this
will force the helicopter to vacate the condition in minutes. (Fig. 5) Regular cycling of leading edge
mats has to be maintained to sustain flight. The problem with any heat generating system is that having
melted the ice the water created will run back to freeze on the first available cold surface. This results
in a build up of ice aft of the leading edge, progressively reducing the rotor efficiency. The tail rotor
and stabilizer also require protection.

Test programmes run by the U.K. to date have been concerned with technology proving to confirm feasibility
over a wide temperature range and to provide a good base from which confident design decisions regarding
mat coverage. ON times, cyclic sequences and heat intensities can be made.

4. INSTRUMENTATION OF DEVELOPMENT AIRCRAFT

Icing is clearly one of the high risk areas in any test programme and should be approached with caution.
A comprehensive instrumentation fit is an important factor in the rate at which progress can be made and is
one of the main assurances for safety. (Fig. 6)

The aircraft must carry reliable instruments to provide atmospheric information much as temperature and
liquid water content.

Although flight may still be maintained with heavy ice accretion, this may result in very high stresses on
blades and controls not necessarily reflected by aircraft behaviour or handling. A comprehensive strain
gauge fit is consequently necessary and the results will have to be monitored throughout the programme to
ensure that vital component lives are not at risk.

A full set of performance data is essential and certain key stresses and engine intake condition will need
to be available as visual presentation to the crew to provide sufficient data so that the decision to stay
or retreat in good order can be made before the situation gets out of hand.

R\tensive use has been made of video recording on the U.K. aircraft to monitor a sensitive engine air intake
but also to add visual and voice recording capability to provide a back up for the primary recorded data.

Accurate temperature measurement and liquid water content are vital in order to ensure that the crew have a
reliable readout of atmospheric conditions with which to carry out the ice hunting phase of the operation
and all of this has to be on record for later analysis.

i technique which has been applied extensively in the Wessex is the use of accurate lag angle measurement
to determine a comparative torque contribution for individual blades. In order to use those data it is
necessary to obtain a good clear air calibration of blade datum lag angles over the speed range. This
used with cameras and othier data is very useful as a test techniqut we refer to a 2 x 2 whereby diametrically

opposite pairs of blades can be subjected to different cyclic sequences and compared when flying under the
same icing conditions.

An important feature is to include the ability to change the sequence in which heater mats are energised
0 allowing a wide range of cyclic switching options to be tested. If this can be accomplished easily it

* is possible to take ftill advantage of a spell of icing weather covering a wide range of experiments.

1•1 Camera

Vital to any meaningful rotor icing assessment is the ability to visuallse what is going on up there.
In the I.K. since the early 70's a considerable amount of effort has been devoted to the development
of effective camera systems and has evolved from 1t6 mm cite to the current use of 70 mm colour using
the F ,i5 low level reconnaissance camera. (Fig. 7)

Two distinctly different systems have resulted to provide coverage of the upper and lower blade surfaces.



19-3

The upper surface is covered by a camera viewing vertically upwards into a four way mirror. The
result is a single picture showing all four blades. (Fig. 8)

Photographing the under surface requires a much more complex system whereby the passage of a single

blade is sensed by a doppler radar and this with appropriate time delay triggers a 70 mm camera and
flash mounted on 4ne tail boom. Four individual pictures are required to cover a four bladed rotor

and a control system allows this camera to be synchroniaed with the main rotor head camera. (Fig. 9)

Hoth cameras are referenced to a central time base and time appears in digital form on each frame to
within 0.1 seconds allowing accurate cross reference to trace and video recordings.

The systems were originally conceived by the Aircraft and Armament Experimental Establishment at
Boscombe Down and have been in use very successfully for the past three years and have played a key

part in the U.K. development.

All the above require comprehensive and rapid on site analysis so that full advantage can be made of

good icing weather.

4-2 Radio Navigation Equipment

Icing work requires that the aircraft will spend most of its time in instrument flight and it is very
important that a comprehensive installation of radio and navigational equipment be included. The
aircraft will require dual communication radios, ADF, YOR, ILS, Secondary Surveillance radar.

5. THE ICING TRIALS ENVIRONMENT

A considerable amount of discussion has taken place concerning the choice of an icing trials venue.

Icing trials programmers have spent a great deal of time and effort studying climatic statistics to find
the ideal site. Icing has always been difficult to forecast and the occurences of icing from one winter
to the next are erratic and impossible to predict.

It would be difficult enough even if climate were the onlI consideration but this unfortunately cannot be

so and an icing trials manager must consider a much wider permutation.

(a) Climate must, of course, be the primary factor but it does not follow that good natural icing will

produce equally good snow conditions.

(b) Air traffic - it is essential to have good air traffic surveillance and preferably a section of

airspace dedicated to icing flying. A co-operative air traffic control organisation can make a
major contribution to the success of an icing trial.

(c) Terrain - it is very important to be able to operate over reasonably level terrain with a relatively

low population density.

(d) Safety Services - good S.A.R. support is vital.

(e) Domestic and Servicing Facilities - good hangarage with at least some workshop facilities are

required. The site needs to be accessible and within reach of a regular air cargo service.

Accommodation for analysis facilities and domestic accommodation for the trials team throughout a
long winter trial have to be considered. The site must also be secure.

We do not live in a OErfect world and all the above are rarely possible in a single site. Failure to
recognise any aspect will reduce the flying rate and the ability to respond to suitable weather

opportunities.

Most icing trials in the Western world take place in the Northern UnitedStates, Canada or Scandinavia.
Having found a suitable venue good sense says that the environment should be approached with caution. The

ideal, which is rarely a.ailable, is a consistent layer of icing cloud up to 1,500 metres with a cloud
base 300 metres A.G.L. and 300 metres forward visibility. Given this situation it is possible with some
confidence to take an icing encounter to the point where the aircraft is forced out of the condition with

the knowledge that a controlled precautionary landing is an available option.

(. SIMULJATION OF ICING AS AN AID TO DEVELOPMENT

('ontronted with the need to develop a new helicopter with a good icing flight capability the designei and
development engineers are faced with the problem whereby climatic trials generally come late in the
programme and invariably bring out a number of problems concerned simply with the hitherto untried aspects

of temperature, water ingress, humidity etc. accompanied with the need for caution in the early stages,
the result of which is liable to be insufficient answers too late in the programme.

There is no easy answer to this dilemma. It is essential that in order to achieve a productive icing
trial the aircraft must have good component life margins, a well explored flight envelope and that all
systems are to a reasonably advanced state of development.

A considerable amount of ingenuity has gone into simulation of icing and a number of facilities are now
available in which advance testing can be undertaken.

6.1 Icing Tunnels

Facilities whereby icing can be simulated in a wind tunnel are available in all sizes and it is
consequently possible to install whole airframe rigs in large icing tunnels and establish airframe
and intake accretion areas to determine the heating required for de-icing and to give some indication
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of ice shed trajectories. The largest of these facilities in the U.K. is at Cell 3 West in the
National Gas Turbine Establishment and this runs a very full program. on Fixed Wing, Helicopter,
Engine and Research projects.

There are numerous smaller facilities available in which icing instruments and component icing can
be assessed.

6.2 The N.R.C. Spray Rig

This installation has been in operation for a considerable time and has a well deserved place in
helicopter icing history. (Fig. 10)

The disadvantage of this facility is that it will only allow assessment in the hover and the arguments
concerning droplet size and cloud consistency are still waging. Situated as it is in Canada, from
the U.K. viewpoint, a spray rig test is as difficult to mount as an icing trial.

6.3 In Flight Spray System

Extensive use is made in the U.S. of Inflight Spray aircraft. The Helicopter In Flight Spray
System (H.I.S.S.) using a Chinook tanker has featured extensively in U.S. prograues.

The advantage is that testing can be undertaken in the comparative safety of clear air and provides
a useful supplement to a natural icing trial in that it allows work to continue during the intermin-
able VXC days which seem tu prevail whenever one undertakes an icing trial. There are the inevitable
arguments concerning droplet size and cloud distribution and an H.I.S.S. test involves a fair degree
of co-ordination to control chase aircraft, test aircraft, tanker and photographic coverage. (Fig. 11)

6.4 Shed Wax Trajectory Tests

One of the worries concerning airframe icing is the trajectory of the ice shed during melt off.
Considerable success has been achieved by the use of a simple mousetrap release which can be mounted
on vulnerable points and which release prepared wax blocks when triggered.

Such tests can be carried out regardless of temperature and because there is no risk of icing,
engine intakes can be protected by grilles which also show witness marks of ice strikes. (Fig. 12)

The system was used to goeod effect in Lynx when 663 wax blocks were released covering the flight
envelope and a wide range of aerial, weapon and role equipment sites were assessed.

A well planned programme will show full use of rig and simulation facilities at early stages to support
the design development phase but any simulation of the complex natural phenomenon which forms icing cloud
can only be taken as a guide and can never be accepted as the full answer. Eventually one has to face up
to taking the aircraft into the real thing and any icing programme will culminate in a number of icing
trials as a final demonstration.

7. DEVELOPMENT OF FLIGHT IN ICING

The development programme to achieve an effective flight in icing release is by its nature a protracted
process and in a new project with new airframe, transmission and power plants, the design and development
process needs to be properly integrated from the project stage.

The fundamental problems of getting a new project fully developed and into service with a satisfactory
flight envelope and component lives are more than enough to undertake and all the basic issues of develop-
ment have their influence on the progress of the ice protection systems development.

Let us now consider a helicopter for which full ice protection is a stated requirement and which must
maintain its role regardless of weather.

7.1 Intake

The fact that our aircraft must have a flight in icing capability will have an influence on the
intake lines and the first line of defence for engine protection will lie in the geometry and siting
of the intake. The designer may choose to place them well forward or accept the loss of ram
efficiency and adopt sideways facing.

Choice of engine will also have its influence. Engine designers are attempting to build in a degree
of survivability from ingestion and many engines now include F.O.D. separators in their design. All
the above will offer a degree of assurance but our all weather aircraft will almost certainly be

i%* given some specific ice protection.

The tortuous process of sub contractor selection will then take place and design of the chosen system
will proceed. The sub contractor will be called upon to show his own programme of work to demonstrate
compliance with environmental climatic, vibration, structural integrity, E.M.C. and a wide range of
criteria which a wise prime contractor will lay down in his requirement.

The main pre flight intake development will probably take place in a number of sessions using a major
icing tunnel facility with an airframe rig. From these tests it will be possible to decide heat
distribution, sensor positions, area coverage and power requirements for introduction into the proto-
type airersft.

7.2 Rotor Protection

The pre flight phase of rotor protection will follow similar lines but meaningful testing of the full
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system is much more reliant on flight testing. The introduction of heater mats into the blades can
be expected to have an influence on the overall structural integrity and such issues as thermal
cycling and mat adhesion must be tested early in the programme. Icing tunnel testing to determine
the icing sensitivity of the chosen aerofoll section any also be included to finalise mat coverage.

It will be vital that the sub contractor can demonstrate that the overall integrity of the blades is
not down graded by the presence of heater mats and the control system will have to satisfy a wide
range of requirements. Slip ring assemblies are an area of technical risk and bench or rig tests to
demonstrate reliability will be included.

, The main and tail rotor blade fatigue programme will also be under way at this time and all fatigue
specimens will include dummy mats. The presence of mats and wiring can have an influence on the
blades' characteristics under lightening strike and tests will be carried out to clear this aspect.

7.3 Airframe

Resistance to severe ice accretion will be given full consideration during the design stage. The
siting of aerials will be decided with this in mind. Practical assessment of these issues will take
place in the major icing tunnel tests probably in parallel with the intakes work and will include
such items as heated windscreens and wipers.

The need for some antenna to be de-iced in order to function will be determined at an early stage.

7.4 Systems

It is inevitable that ice protection systems will make demands on electrical power and it is highly
likely that a dedicated power supply will be provided. The icing systems will be included in
electrical rig testing which will include assessment of power transients, switching failure simula-
tion and E.M.C.

During these early stages it will also he necessary to ensure that adequate instrumentation such as
strain gauges, temperature sensors are included in intakes and blades planned for development air-
craft and decisions must be made regarding which prototypes will carry full systems and to what
standard.

All the above activity will lead to a high degree of assurance that design has been properly accomplished
and can be expected to lead to Experimental Flight Approval for the Flight Development Programme to
proceed.

8. FLIGHT DEVELOPMENT

Confronted with the task of developing a new aircraft with all the complexities of flight envelope,
vibration, stress,handling, mechanical, testing and A.F.C.S. to consider, it cannot be expected that ice
protection will receive a great deal of attention during the initial phase of flying, it is even probable
that the first machines will not include any of the equipment.

Once an aircraft with complete ice protection sve+ems to flying, time will be devoted to functioning,
EIW and Failure Simulations. During the main flight test programme provision will also be made for some
wax shedding tests to provide assurance for the main icing trials work.

Dealing as we are with a U.K. based progrumme some opportunities for limited excursions into icing can be
expected and will be cautiously undertaken.

One of the main problems is that production decisions have to be made at an early stage in the programme

and nearly always in advance of the first major icing trials and the best that one can hope for is a brief
icing assessment during this phase with minimal opportunity to make a short (say 6 week) excursion to an
icing venue but this cannot occur too early in the programme simply because an overseas trial with an
unproven aircraft is very difficult to support and component lives are still cautiously low at this stage.

By the time the first major development Icing Trial takes place planning will already have taken place to
introduce ice protection systems in the early production aircraft which are intended for certification
testing and Service Trials.

It can be expected that the major issues for icing and snow flying will be investigated during the first
trial, most icing practitioners agree that it will be necessary to keep the aircraft at an icing venue for
the full winter. Given the icing weather, it should be possible to formulate a cautious experimental

icing release and to make provision to introduce the essential changes which may arise from the trials
into the production machines as a retrofit.

A second development trial should consolidate this work and make it possible to make a qualified statement
of conformity with the requirement and to pinpoint areas where modification and further development are
necessary. All the above work will have been under the leadership of the manufacturer with active

involvement by the certification agency.

The first trial with a production aircraft will represent the main contribution towards a full flight
release and will heavily involve the certification agency. The aircraft will embark upon the trials with
the highest achieveable standard of Ice protection and the ideal is that it will dramatically demonstrate
complete conformity with the requirement.

With three major icing trials completed, the capability and potential of the Ice protection will be very
much clearer and It should be possible to consolidate the release by close monitoring of service
experience. (Fig. 13)
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9. THE WAY AHEAD

Numerous technology proving projects have been undertaken over the past five years and there are many well
substantiated claims to success. The result is that helicopters with ice protectior are currently under

development or in production.

There are variations of opinion regarding the way in which certification or release is underwritten,

whethei by complex simulation or dramatic demonstration in the real onvironment, costly icing trials with

specialised test aircraft or through cautious monitored extension through service experience. There are

now few who doubt that success can and will be achieved.

Helicopter flight in icing has reached a stage of development similar to that through which fixed wing
aircraft passed during World War 2. Unlike our fixed wing counterpart the helicopter will be forced to

remain at low level to rescue the unfortunate or the irresponsible, to defend the nations lawful needs,
provide the support necessary to ensure continued flow of oil and to carry the impatient captains of
industry quickly but surely to their destination, all regardless of weather.

The technology is available but it will not come cheaply and must be hurried with care but the time cannot

be far away when flying could well be considered the next best thing to a good all weather helicopter.

(Fig. 14)

Disclaimer

The views expressed in this paper are those of the author and do not necessarily represent the views of
Westland Helicopters Limited.
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SUMMARY OF ROTOR THERMAL DE-ICING PROJECTS

Bell 47 Research (N.R.C.) Canada

CH 46/CH 113 Development Canada

SH 3D/CH 124 Development/Service Trials Canada

Alouet te Research France

Super Frelon Technology Proving France

Puma/Super Puma Production France

Bolkov So 105 Technology Proving Germany

Bolkov Bk 117 Proposed Development Germany/Japan

Kawasaki Kv 107 Development Japan/U.S.

Sycamore Research U.K.

Wessex 5 Technology IPovLng U.K.

W.G. 34 Design Stage for Production U.K.

CH 47 Chinook Development/Production U.S./U.K.

Bell UH-1 Technology Proving U.S.

HH 2D Experimental U.S.

H 34 Research U.S.

UH 60A Development/Production U.S.

UH 61 Development U.S..

YAH 64 Development/Production U.S.

Mil 8 Production U.S.S.R.

Hind Production U .S.S .R.

Note: The true status of U.S.S.R. projects is unconfirmed.

4
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 7. WESTLAND ICING TRIAL CAMERA INSTALLATION

Figure 8. 70mm MAIN ROTOR HEAD CAMERA PHOTOGRAPH



-Figure 10. THE NRC SPRAY RIG

Figure 9.
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Figure 11.
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METHODES D'ESSAI DU COMPORTEMENT DES
AERONEFS EN CONDITIONS GIVRANTES E-T DES SYSTEMES

DE PROTECTION CONTRE LE GIVRAGE

par

Martin FRIEDLANDER
Ing~nieur Navigant d'Essais

Essais -Equipements

CENTRE DESSAIS EN VOL
912Z0 - BRETIGNY-SUR-ORGE

(France)
T61. 084 95 70 - poste 3242

Le pri~sent expos6 portant sur le mL~me sujet que celui trait6 par M. GIBI31NGS dans is prl'sen-
tation n' 19 au EMP, a 6t6 r~dig6 de faqon i lui ttre complientaire.

Aussi ne revient-il pas sur certaines d~tinitions.

I - LE GIVRAGE-

If est important d'insister sur l'aspect dynanique du pliThonine givrage rencontr6 ell vol. Ce qui
le distingue d'une formation de glace par simple gel statique d'eau liquide. L'inclusion de bulles d'air, de
cristaux de glace parfois, et la rapidit6. de passage a 'i(tat solide de gouttelettes d'eaii qui se trouvaient
pr6c~dernment dans un itat de surfusion particuli~rernent instable, crt~ent des dtpots de givre qui adb; rent
trZ~s bien sur les parties expos~es des a~ronefs. Si I'on ajoute ',cela l'

6
tat de surface finemienl rugueux des

profils lorsqu' its sont 6rod~s, on peut imaginer las difficult~s rencontr~es parfois pour faire pa rtir les
d6pbts.

De nombreux parandtres influent sur la formation du givre, mais en fait, il suffit de retenir lea
principaux:

- la temperature de l'air charg6 de gouttelettes
- la "teneur en eau", gi~n~ralement exprim~e en grammes par mZ'lre cube de nuages,
- le "diamnZtre volumnique mctdian", paramZ'tre un peu artificial qui cherche 'a rendre coropte du

spectre dimansionnel des gouttes d'eau,
- la vitesse a~rodynamique. 

-eq el s v rt "d i rg s i e t m n i e'De fa4 on encore plus simplifitla, on considZieqeI svrt3 ugvaeetdrceetlc
la teneur en eau, bx vitease donn6e bien entendu, ce qui permet d'utiliser des t~moins de givrage comme
indicateurs simplifi~s de teneur en eau. La s6v~rit6 de givrage est chiffr6e en "vitesse de d~pot", g~n~ra-
lenient exprim~e en mm/mn.

Diverses cornbinaisons de tenipcratures et de diamZtres de gouttes entratnent des formations de
* -givre "en poinle", c'ast-a-dire issez at~rodynamiques, d'autres combinaisons donnent le givre "en cornea"

ou "en champignon", si p)(nalisant sur le plan at'rodynamique.

La pr~sence de cristaux de glace ou de neige dana lea nuages surfondus augmente de fa~on trz's
importante lea d*5pbts de givra capteL

Maihatrausamant, il Wexista pas ai Iheulre actuelle de mnoyen simple d'identififer la pr~sence de
cristaux de glace, ni W'en mesurer lea dimensions etl a concentration dana lea nuages.

2 - LES CONSEQUENCES DU GIVRAGE -

Les d~pe~ts de givre agissent de plusieurs fa~ons sur la m~caniqoe du vol des a~ronefs

flour des a6ronefs moyennament ou faiblement motoris~s, la combinaison de perte de pu-issance
des moteurs, de d~gradation des conditions a~rodynamiques du vol et d'accroissement de Ia masse paul
entratner l'impossibilit6 de conserver le niveau de vol, la diminution de vilesse, puis un d6crochage pr6-

maturfl, 'I momns qua l'a~ronef nWait percut6 le sol auparavant

Pouir lea a~ronefs ilirtement motorises, donc 'iperformances souvent 46lev~es, le probfl'me est
moins crucial mais ii subsista durant la phase d'atlernte )moyanne ou basse altitude, surlout pour les ailea
,t profils modernes, tri-9 sansibles aux modifications de formes.
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Pour un avion comme Concorde, le proiblerne est un peu diff6rent ;de par as forme g~om~trique
et Ilemplacement des moteurs, laile sert partiellement dlentr~e d'air ;c'eat ce titre qu'ele a k6t prot6-
g~e contre le givrage.

Pour lea avions de combat, labsence de phase d'attente prolong~e perrnet de voler sans protection.

sauf 6ventuellement pour lea avions "16cole" qui sont appel~ge A tourner i vitesse r~duite en circuit d'adro-
drome.

Les cons~quencea du givrage des h~IicoptZres sont un peu particuliZeres. Elles d~cuent du r~gime

adrodynamique cyclique des pales et du ddgivrage naturel anarchique des rotors cri~e par la force d'ine rte

centrifuge.

3 - PRINCIPES DE PROTECTION CONTRE LE GIVRAGE -

Dana I'6tat actuel de Ia technique, les constructeurs nappliquent que dewc grands principes

- lantigivrage local,
- le digivrage local.

Il eat en fait dommage d'employer une ignergie importante i faire fondre de la glace qui a tendance

se former Sur lea profila, alors que Ilinstabilit6 meme du pb~nombne de aurfusion des gouttelettes devrait
permettre, au prix: d'une quantit6 d'6nergie bien maindre de transformer l'eau en cristaux de glace avant

larriv~ge sur lea profils. 11 n'y aurait plus alors formation de d~pats.

C'est regrettable rnaia le t616 -antigiv rage par rayon sophistiqu6 nexiste pas encore.

En l'attendant. on construit des ayst~mes asaez lourda et gourmnands en 6nergie . .. donc en car-

burant.
Le d~givrage pneurnatique par d~formation brutale de chamnbres en caoutchouc coll~es Sur lea bords

d'attaque des voilures eat perfectionn6 et utiliS6 Sur lea avions volant relativement lelitement.

L'antigivrage et le d45givrage par liquide existent toujours. Ilas ont mame 5t6' perfectionn~s par 1cmn-

ploi des bords d'attaque en mat~riaux poreux. permettant lexaudation contrMle des produits chimiques.

L'antigivrage et le d~givrage therrniquea sont assures soit par air chaud, aoit par r~aistance 6lec-

trique ;lea tuyauteries et ilchangeura. ainsi que lea aystberes de cyclage et de s~curit4 sont bien au point,
mais lourds, encombranta et :oflteux.

Depuis quelques ann~es, Lea sovi~tiquea ont d~velopp6 un systome de d~giv rage t impulseurs 6lec-

tro-magn6tiques, qui reprend le principe de lancien di~givrage cyclique pneumatique, mais nentratne plus
qu'une d~formation imperceptible des profila lors de fonctionnements irnpulsionnela du systame ;cc principe,

trZs &6conomique en ce qui concerne l'6nergie, paratt promis L un bel avenir si lea applications ne font pas
apparafrre de problRnie technologique mnajeur.

Pour prot~ger lea h~IicoptZres, lea constructeurs utilisent lea mL~mes principes que pour prot~ger

lea avions, en ce qui concerne lea moteurS, lea points sensibles de la cellule et lea pales. Lea techniques

* de protection des pales ant dO Lstre patienrnent adapt~es et c'est Surtout l'arriv~e de la g~n~ration des pales

plastiques qui a perrnis de mattriser le problZ~me.

4 - MISE AU POINT ET ESSAIS DES PROTECTIONS-

* La mise au pt.int et la d6monstration de validit6 des systZ~mes de protection contre le giv rage fleces-

sitent en g~n-6ral uine cascade de muyensd' tude et d'essais.

La premni re 6tape eat, bien 6videmment, VETUDE. La r~flexion bas~le suir Vexp( rien c., perniet

rapidernent de retenir tous lea points techniques qui mt~riteront d'ttre vus en dltail, et d'( liniineir, avi-(c
4 justifications. ceux qui nentrafnent pas de risque particulier.

L'6tude permet 6galement de choisir dana ]a panoplie des moyens de dlmwustration, ceux qui Sont
lea plus appropri~s et de justifier lea choix.

Enifin les calculs et la conception permettent de dirnensionner lea pi~'ces et den Lancer Ia fabrication.

Les ESSAIS EN SOUFFLERIE DIE GIVRAGE sont de deux types principauix

-les easais de determination des z~ncs et 6tendues de captation, loraquie cette d6termination ne

petit Itre assur6e par Ic calcul. Ces essais peuvent ttre faits sur rnaqucttes cl chelle r~duite,

* - lea essais, ~~~~~i -cbelle 1, d'efficacit( d'6I1rnents de protection Iaitegnraderoon
repr~sentatife. II eat im 'nortant de noter que lea effets therrtiqties ne peuvent pas Nr.- simul~s N 6chcllc

ri~duite de fa~on simple.

Lea ESSAIS DE LAI3OBAlOlIRE permettent de v~rifier certaines caract~riatiques des 616ments de

systemres de protection.
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Lee ESSAIS EN VOL EN CIEL CLAIR permettent, loraque cleat nicessaire, de v~rifier lee qua-
lit6a thermiques ou adrodynamiques des protections, Ie rusellement de fluide ou Is comporternent de Valf-

ronef charg6 de givre our see r.~nes non prot~g~es.

Enfin deux types d' ESSAIS EN VOL EN GIVRAGE sont pratiqu~s:

- lea easais en givrage artificiel dana des nuages produita par des installations fixes ou mobiles,
- lea easais en givrage naturel.

5 - ESSAIS EN VOL EN GIVRAGE -

5. 1. - Essais e!1jivr 1&earjtficieI.

Lee conditions nab.irelles de givrage sont difficilea hi trouver loraque l'on recherche des s46v4ritgo
constantes et int~ressantes. Aussi o'est-on ing~ni6 depuis vingt cinq ans hi faire voler des rampea niunies
d'injecteurs d'eau de fa~on lh cr6er, en ciel clair, des nuages de caract~riatiques connues. contrbl~es et
conatantes. On a ainsi constitu6 des sortes de souffleries givrantes, de dimensions infinies, permettant
1'6tude du givrage et de sea effeta en conditiona de vol r~elles. L'id~e eat a6duiaante. Elle a pourtant sea
inconv~nients. Les aspects principaux aont r~sum~o ci-dessous

A VANTAGES.

- posaibilit~a frdquentes de vol en ciel clair, hL altitudes et temp~ratures d~terrnin~es d'avance,
d'oti rapidit6 de ddroulement des campagnes d'essais,

- constance et reproductibilitd des conditiona givrantes,
- souplesse d'adaptation ._ux diff~rentes phases de misc au point, reprise dlessaia apr~e modifi-

cation,
- Etendue limit~e du nuage en largeur et 6paisseur, donc possibilit6 d'Etudier Ia captation sur une

zone particulibre de Ila~ronef en essai, sans perturber lea autres z8nes.
- relative facilit46 des easais,
- nombre contr516 d'heurea dlessai doric coiat maftris6,
- possibilit6 d'effectuer lea essais pendant de nornbreux mois de l'ann~e.

INCONVENIENTS.

- givre produit assez diffidrent du givre naturel, du fait de la pulv~risation des gouttes en air sec,
donc loin de la saturation,

- diamZtre volumnique median et spectre dimensionnel d~calls vera lea grosses gouttes du fait de

114vaporation des petites,
- difficult,4s pour assurer une distance constante entre I'adronefT en easais et la. grille, d'oii varia-

tions des caract~ristiques des gouttes et de la teneur en eau,
- vol de l'adronef en essai en atmosph~re turbulente provoqu46e par le sillage de I'a~ronef pulv~ri-

sateur,
- faible 6tendue du nuage en largeur et 4paisaeur, ne permettant pas de juger le comportement de

l'a~ronef totalemnent givr45,
- en g4nldral, autonomie faible de Ia puilv4risation d'eau pour lea fortes teneurs en eau (except6

avec l'avion KC 135).

Compte tenu de tout ccci, lee essais en vol en givrage artificiel sont avant tout r~serv4es aux essais

de misc au point et iUS peuvent rarement hL eux seuls, constituer la d6monstration globale et finale d'aptitude
au vol en conditions givrantes.

Cela scast montr46 particuliZrement vrai pour la grille de givrage pour higlicoptbre du National

Research Council du Canada, L OTTAWA, puisque la grille cat fixe, I Ilair libre, et que seula des vola
stationnaires dana l'effet de aol peuvent y etre effectu~s.

Aux Etats-Unis, le syst~me HISS (Helicopter Icing Spray System) a &t6 d~velopp46 pour rem~dier

4 aux d~fauts de la grille fixe. 11 eat mobile puisquc constitu4 dun h~licoptZre CH 47 pulv6risateur, mais il
eat affect6 de la majorit6 des inconv~nients cit~s pr~cddemment.

En ce qui concerne lea aviona pulvgrisateurs dont lea exemples lea plus r~cents sont un KG 135 et

un CESSNA ... aux Etats-Unis, et un CANBERRA au Royaume Uni, on trouve ici encore des applications

t dana la misc au point des sytZ~mes de d6givrage. Lea r~sultats des essais en givrage artificiel sont rare-
merit accept~s sans discussion loraqu'ils sont pr~sent6s comme des justifications aux exigences des normes,
par exemple de Ia FAR 25-1419 appendice C.

Lea essais en vol en givrage artificiel peuvent parfois compl~ter lea essais faits en soufflerie de

- givrage. mais Ion a vu des cas oii le meme point d'essai, effectu6 avec lee deux rnoyens, a donne des

rdsultats francherm-ent diff~rente sans qu'il soit vraiement possible d'incriminer Pun des moyens dlessai
plus que 1Pautre.
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5. Z. - Esi nRvaentrl

La seule faqon donc de juger Ia validit6 des systlmem de protection contre le givrage d'un a6ronef,
dans leur ensemble, semble Letre de lea essayer dana lea conditions de givrage rdellem. naturelles. Malheu-
reusement 121 encore nous allons trouver, I cbt6 des avantages, lin certain nomnbre dlinconvdnients. Si noum
regardons lea principaux, nous trouvons

AVANTAGES.

* - conditions naturelles, r~elles, donc inattaquables sur le plan de la repr~sentativit6
- conditions d'ambiance totale. de grande 6tendue par rapport aux dimensions de l'a6ronef, d'ozi

possibilit6 de juger le comportement global, mais aussi tous lea aspects du problbme :conditions
4de travail de P6quipage, moyena de detection ou d'appr46iation. ph~nombnes associds (bruit des

pr~cipitations, turbulence naturelle, foudre, grele 6ventuelle ... )

INCONVENIENTS.

- difficult6, sinon quasi impoasibilit6 k Ileure actuelle, de meaurer lea paramZtrem principaux du
givrage, A part la tempgrature de lair,

- impossibilit6 donc de se aituer valablement par rapport aux exigences des norrnea.
- difficult6 de r~aliser lea easaia puisque de trbs nombreuses conditions doivent etre r~unies

situation ni6t6orologique favorable, contr~le agrien sOir et efficace, zanes aurvol46em convenant I
des essais parfois dangereux,

- immobilisation parfois longue de l'adronef pour des "campagnes d'essaim" et coet 46lev6 de ces
campagnes.

Si noum diacutons chaque point plus en d~tail, nous voyons que certains inconvdnients sont communs,
en fait, h tous lea types d'esmais en givrage. Ainsi en eat-il de Ia. position du point dleasai effectu6 par rap-
port au domaine des normes.

En givrage naturel, it eat certain que Pon rencontre des conditions rgecltes, indiscutables, maim
faute de savoir Lea mesurer, on ne saura pas dire si lessai aura 6ti6 sdv~re ou non, ou du moins comment
il laura kig.

Et puis m,*me saurait-on mesurer avec pr~cision et rapidit6 Ia teneur en eau, comment utiliser
un tel paramZtre, qui peut varier en permanence dana un rapport de 5 ou 10 dana lea nuages cumuliform# . ?
Comment le comparer ii des normes rigidem, monolithiques ?

Ou comment faire 4voluer lea normem pour tenir compte de variations incemmantem de teneur en eau ?
Serait-ce mntre souhaitable ? reprdsentatif ?

Le principal problIZme avec lea easais en givrage naturel eat que P'on ne sait jamais quand a'arrOter.
A-t-on rencontr6 un cam suffisamment reprdsentatif ? A-t-on eu asaci de nuagem atratiformem, de nuages
cumuliformes, de cristaux de glace ... pour bien ddmontrer que l'avion peut voter sainement dana toutes
lea conditions givrantex ?

Dana la fa4;on de conduire les essais, il faut savoir ICtre trbs souple mi Pon veut etre efficace pour
un prix raisonnable.

5. Z. 1. - Essais des avions en ivrage naturel.

Ces essais suivent toute la somme des d~rmonstrations, justifications et esaais pr~c~dents. Iha ont

aurtout pour but de v~rifier que tout se passe bien pour 1'ensemble de l'avion, qulaucun point na A46 oubli6
et que lea clients utilisateurs n'auront pas de surprise. II ne merait en effet pas horitte de laisser voter lea

utilisateura dana des conditions d'environnement hostile mans avoir pr~alablement volE dana ca conditions.

Les essais Etant de comportement en givrage,"de verification finale" et non de rnise au point. il4' eat possible et judiciewx de lea regrouper ea une campagne spdcifique, sanis terrain de d~part bien prdcis.
afin de suivre les w"ditions givrantes dana une zbne 6tendue, l'Europe et l'Afrique du Nord par exemple,

ou lensemble d . mert Nord-Amd6ricain (voir figure ri' 1).

Il taut pour cela disposer dun appareil de sdrie, ou presque, inis en oeuvre par one 6quipe rdutite
et souple. Lea essais peuvent ttre conduits en one semaine ou mL~me nioins. pour trois oih qoatre vols signi-
ficatifs dans lea configurations lea plus reprEsentativ.es.

* Uri exemple typique eat celui de l'Airbus A 300 13 avec lequel le givrage a 4tW cherch6 et troaiv46i

Ifamfbourg. et quarante huit heures plus tard A Tunis.
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Les configurations essaydes sont en g~n46ral,(voir figure n' 2)

- ventuellement croisi re (pour avions non pressurisds).
-attente lisse,
-attente bees et volets sortie,
-approche, suivie de remise des gaz avec rentr46e du train puis des dispositifs hypersusten-
ta teurs.

-can de pannes typiques.
La rentr~e des 6l6ments mobiles aprZs captation peut poser certains probli~mes qu'il eat bon

d'identifier avant de certifier l'avion.

5. 2. 2. - Essais des hdlicopth-res en givrage naturel.

Compte tenu de l'6tat actuel des connaissances en a~rodynarnique de lh~licoptzre et des moyens
d'essais des rotorp bh J.'chelle 1, lea calculs et lea essais au banc, tout comme lea essais en givrage arti-
ficiel, siont insuffisanta pour tnettre au point et justifier le comportement de la machine ou lea moyens de
protection. Lea easais en vol en givrage naturel restent donc le moyen principal et lea essais doivent
s146tendre our de longues p~riodes, k proximit6 des installations du constructeur ou d'un centre bien 6quipE.
Dana lee premiers temnps de ISa misc au point, ld6quipe sera n6cessairement plus nombreuse et lea diplace-
ments difficiles. II nWest pas possible alors de suivre lea conditions m~t~orologiques favorables, il faut lee
attendre our place. Le choix du lieu d'attente, du "camp de base" devient tr~s important puisqu'il faut opti-
miser le m46lange des paramZtres suivants:

- statiatiques m46t~orologiques favorables,
- zone non dangereuse et praticable pour IS "Search and Rescue",
- contrOle adrien souple, avec en g46n4ral contr~le radar positif,
- hangars et moyens techniques Sol importants,
- facilit6 et rapidit6 de liaison avec l'usine du construcleur,
- laboratoire photo et moyena de d~pouillement,
- possibilit6 d'h~btrgement et de vie du personnel.

Compte tenu de l'importance des essais. l1inatallation de mesures doit etre asaez diversifi~e et
complite. Elle doit permettre de chiffrer:

- lea parambtres habituela de vol. et notamnment ceux repr~sentant lea performances (r~gime ro-
tr-r, r~gimes moteurs, temp~ratures mnoteurs, couples, vitesse, altitude .

- les niveaux des contraintes lea plus importantes ,
- Lea niveaux vibratoires,
- lea paramZetres repr46sentatifs du fonctionnement des systbmes de protection,
- l'importance des d~pbts r~siduels de givre,

et bien sflr lea parambtres du givrage :vitesse de d~pot, temp~rature du nuage, teneur en eau
et E6ventuellement, diamZtre des gouttelettes.

Enfin, lea essais eux-memes doivent s'appliquer t toutes lea phases de vol del'h~licoptbre car
le domaine de vol altitude -vitesse eat tel que l'h~licoptZre eat susceptible, hL la limite, d'effectuer toute la
dur~e d'un vol en conditions givrantes, (voir figure n* 2)

- roulage au aol en brouillard givrant
- attente au sol en brouillard givrant,
- monto6e,
- palier croisiZre,
- palier attente,
- descente,
- approche,
- remise de pas, nouvelle attente . .. etc,

en n'oubliant pas, bien entendu, lea cas de pannes lea plus repr~sentatifs.

Le programme d'ensemble "misc au point" plus "certification" s'6tale bien our cinquante hL soi-
xante heures de vol en conditions givrantes diverses. soit 150 L 200 heures de vol au total, y compris en
cumulus congestus avec risques associ~s (foudre, grele. turbulence ... ). Il eat difficile de r~aliser cela
en une seule saison et, dana 1'Etat actuel de la technique. il eat sage de pr~voir des essais Etal~s sur deux
ans.

Encore faut-il etre conscient que la protection des h~licoptlbres contre le givrage eat une technique

r~cente et que V'on ne peut lui demander lea memes quatit~s qu'hl Ia protection'kvionW'qui b~n~ficie de plusieurs
dizaines de milliers d'heures de vol d'exp6rience.

En fait, vu Ia taille et Ia technologie actuelle des hElicopt~res, il faut comparer ceux-ci aux avions
* bimnoteurs N~ turbopropulseurs (type aviation g~ndrale ou 31!rme niveau) et non aux jumbo-jets ou avions de

ligne r~certsa

Ce point, trbs important, semble etre frdquemment ignorE, d'oZI des malentendus bora des discus-
sions do certification.
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6 - CONCLUSIONS-

Lesesaias en vol d'adronefs en conditions givrantes sont forternent marqu~e par Ia "non disponi-
bilitE' et la "non reproductibilitd' des conditions atmosphdriques.

Contrairement aux essais en vol courants de performances ou de qualitde de vol. qui se ddroulent
en atrnosph re standard ou pour lesquels il ent possible de corriger l'effet des changements de conditions,
lea essais qui noun concernent sont tributaires de nombreux param tres qui nous d9chappent et que V'on ne
gait pas facilement mesurer.

La production de givrage artificiel paratt etre la solution miracle, au momns par s "constance'l
et as "reproductibilitE"., mais lea difficultds techniques pour l'assurer et les diff~rences importantee entre
givrage artificial ct givrage naturel font qulil Wnt pas possible de to-.t justifier de cette favon.

Pour lea h~licoptlres, cc sont encore Ia misc au point des protections et 1' Etude du comportement
des machines qui sont assurges en givrage naturel.

Pour les avions, c'est principalement la v~rification du romportement de l'adronef, dans sea
phases de vol r6elles.

Meme dans cc dernier cas, lea essais ne doivent pas etre n~glig~s uls apportent une garantie de
qualit6 pour l'ensemble des probibmes du vol en environnement hostile alors que, en g~n~ral, tous lea essais
en vol d'un avion se sont pr46c6demment pass~s en diel clair, ou presque.

.4

VO .
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Figure 3
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SUMMARY OF SESSION III - ENVIRONMENTAL TESTING

Environmental testing has achieved a considerable maturity and is now regarded an essential
feature of an aircraft development program. Outstanding facilities exist in the USAF
Climatic Hangar, Canadian National Research Council Helicopter Spray Rig, US Army Heli-
copter Icing Spray System, to mention but a few - and these facilities are being cons-
tantly used for the development and qualification of new systems, aircraft, alternate
fuels, etc. Considerable investment by major aircraft and helicopter manufacturing firms
and their counterpart government certification agencies attests to the importance of
environmental testing for current and future helicopters. Major investments have been made
in instrumentation to determine the test environment, results of exposure of test systems
to those environments, and monitoring of flight safety parameters. It is agreed that
environmental qualification is an incremental process, often starting with design support
testing, then full scale simulated environment testing, and finally natural environment
testing. It should be mentioned that for the specific case of helicopter icing, an
expanded discussion of this subject will appear in an AGARDograph to be issued in Spring
1981 by the FMP Working Group 09.

b

p.
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L'INTERFACE MESURE DES SYSTEMES DIGIBUS
par

C. RAT

.4 Centre d'Esas en Vol/SM
91220 Br~tigny-sur-Orge

France

Cet exposg pr~sente le 3nigibus A travers le programme Mirage 2000, en raison du r~le fondamental
qu'il a joug dans la r~alisation du syst~me d'armes de cet avion. En effet pour utiliser les grandes capaci-
t~s op~rationnelles de l'avion, un effort important d'int~gration a 6t fait au niveau de is cabine pour
r~aliser lea meilleurs compromis dana la presentation des paramitres et des cosmmandes du syst~me au pilate
visualisationstite haute adapt~as A chaque phase de vol, commandas multiplex~es, pr~sentations synth~tiques
de situationa tactiques. L'utilisation d'un bus num~rique eat absolument ngcessaire pour metier A bien la
r~alisation d'un tel programme.

I - Introduction

II - L'avionique et le bus numirique

III - Aspect technique du digibus

IV - Relation bus num~rique - visualisation prograimmable

V - Conclusion.

I - INTRODUCTION.HISTORIQUE

Le Digibus constitue une interface qui permet une transmission de donnges sous farina num~rique
multiplex~e entre les diff~rents 6l6ments d'un syst~me, en loccurrence le systime de navigation et d'attaque
du Mirage 2000.

Il a 6t6 d~veloppg par 1'61ectronique Marcel Dassault (EMD) en 1972 dana le cadre du programme de
l'avion de combat futur (ACF). Par suite de 1l6volution des programmes lea 6tudes faites pour l'ACF ant it
utilis~es au b~n~fice du syst~me d'armes du Mirage 2000.

Le Digibus eat utilis6 actuellement sur las prototypes du Mirage 2000 et lea avions de servitude
du programmen 2000 qui volent au Centre d'Essais en Vol (CEV). on peut dire que le Digibus a 6t crge pour
distribuer l'information :il assure la transmission des dann~es entre les 616ments du syst~nie d'armaa d'un
avion de combat.

El~ments de base du syst?!me d'arnes du Mirage 2000 -Figure I

-En rouge

*Centrale A inertie IINI 52

*Centrale agrodynamique

*Calculateur principal CP 2084

*Unit6 secandaire de gastian USG, 284

*Boltier g~n~rateur de symboles BCS

*Pilate automatique PA

-Encadr~s

.Viseur tate haute

*Visaur tate bassa

~ . Visualisation cantre-mesura

-En blanc

4 Indicateur de navigation IDN

*Indicateur attitudes-cap

*Radar Doppler (RDM ou RDI)

*Contresures

*Paste de commande navigation PCN

* bate de commande arnement PCA

*Paste de coimande Radar PCR.
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Les six premiers 614-ments comportent un calculateur num~rique capable de traiter les informations
avant de les envoyer sur le Digibus, le calculateur principal occupant une place particuli~re en tant que
gestionnaire des 6&hanges. Les trois suivants sont dee visualisations prograramables dont lea images sont
calcul~es par le boltier g~n~rateur de symboles.

11 - ETAT ET TENDANCE DE L'AVIONIQUE - LE BUS NUMERIQUE

L'6volution actuelle de l'avionique eat considgrable et ae manifeste principalement par la nuingri-

(eentrales agrodynamiques, centrales A inertie, radars), lea pilotes automatiques aiosi que lea cosasandes de
vol et le contr~le moteur.

La num~risation des 4&banges : le bus.

Par lea syst~mes 2000 actuels lea informations sont obtenues directement et transportges sous
forme numrnque. On voit Sinsi apparaltre un avantage fondamental des syst~mes num~riques, il eat en effet
possible par des m~thodes dites de "multiplexage temporel" de faire passer des infor-mations diffgrentes sur
un seul fil. On les envoie successivement en lea accompagnant d'une information (adresse) permettant de lea
retrouver A l'arrjvge.

Lea premiers bus ne comportaient qu 'un 6metteur et plusieurs r~cepteurs. L'6metteur eat 1'6quipe-
ment qui elabore un groupe d'informations, le r~cepteur celui qui en a besoin en totalit6 ou en partie.

Figur 2 - xemple de messages o6 la rentrale A inertie eat l'Gmetteur.

Depuis le dgbut des ann~es 70 diff~rents types de bus nt 6t6 d~velopp6s pour lesquels chaque
6quipement connect6 peut tre tour a tour 6metteUr ou r~cepteur. La diminution du volume de ciblage et la
possibilit6 de traitement a fait adopter ce type de bus sur de nombreux programmes

*Mirage 2000

*Mirage F1 nouvelle version

*Atlantic nouvelle g~n~ration ANG.

Uls 001 6galement 6t utilis~s sur d'autres syst;-mes en particulier conqus pour l'aviation
civile comme la Caravelle ALIS.

III - ASPECT TECHNIQUE DU DIGIBUS

Sur le Mirage 2000, le Digibus eat doublg dans un souci de fiabilitE et de maintenance. II y a donc
un Digibus principal appelg Digibus I et le Digibus 2 Figure 3.

C'est pour l'unit6 de geation en service, qui peut tre sait le calculateur principal CP soit l'uni-
t9 secondaire de gestion USC que s'effectue le tranafert de l'information entre lea deux Digibus.

*Aspect de Ia liaison 6quipersent bus.

Structure du support de transmission.

Le branchement des 6quipements sur le Digibus (p~riph~riques PT) se fait en dt~rivation cc qui permet
de retirer un p~riph~rique P1 sans interrompre le fonctionnement du syst me. Seuls les 6quipements de bout de
ligne qui comportent lea rgsistances 6lectriques d'adaptation doivent tre remplac~s en cas d'absence par une
r6sistance 6quivalentel Figu-re3

La liaison proprement dite entre Il'6quipement et le bus se pr~sente sous Ia forme d un coupleur (CSF)
associ6 A une logique Emission - reception.

IFigure 4 on observe sur la Figure 4 lea trois types de redondances -itilis~es pour Ia fiabilitio
de ln liaison:

) .Redondlance simple stir lea interfaces des bus

Redondance simple sur la logique et sur lea interfaces des bus

Redundance simple aur la logique double sur les interfaces des bus.
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-Type de liaison

Le systime d'6change des informations num~riques est organist- autour de deux Digibus comportant
chacun deux lignes

dure lne ligne de procC-dure LIP indirectionnelle aur laquelle l'unitg de gestion met leg mots de proc6-
dueAdestination des 6quipements

4 lne Ligne de donn~e LD bidirectionnelle sur laqueLle sont transmises leg donnies en 6mission et
r~cept ion.

-Caract~ristique des signaux de transmission

Le rythme des bits est fonction des besoins en 6changes d'informations et des possibilitks d'exten-
awon que ILon d~sire. line vitesse de I Megabits par seconde a k6e retenue.

Modulation et type de codage :le code utilis6 est on code biphase retour A zero et Ia modulation
eat Ai trois niveaux. La composante continue est nolLe afin de pouvoir utiliser dans de bonnes conditions les
liaisons par transformateurs.

Figure 5 -Schema du code biphase.

Niveau de tension sur les lignes bus pour un niveao d'emission de b volts (+ 6 V + I V)

- Gest ion des 6changes

*Le caract~re eat L'6lement de base de 10 bits indissociables La transmission commen~ant par
un bit de validit6, un octet de huit bits utiles et un bit d'imparitt porrant sur tour le Caract~re~igurej

*Le message eat l'ensembl' des caract~res v~hicul ,s en on soul bloc et dana on seuL sons.

*L'6change eat Vensemble des messages v~hicul6s sor le bus i partir d'uno seule initiative de
l'unit6 de geation.

-Type d'adressage

Deux types d'adreasages sont utilis~a dana la proc~dure tlchainge.

- ['adressage explicite au physique (direct)

11 eat utilis6 Lorsque has paramk'res it v~hiculer ne concernent que peu d'6quipements r~cepteors
car il implique tin mot de cormmande par rtcepteur concern6.

- I.'adressage implicite au par label (indirect)

It conaiste A adresaer de manit~re explicite l'6metteur do bloc de mots do donn6es et de manizre
implicite lea r6cepteors. 11 eat intieressant pour lea &hbanges avant pour orngine on 6qoipement et pour
destinataires de nombreux r~cepteors.

IV - IJAISON FNTRF [ES VISUALISATIONS PROCRAO4ABLES E.T [ES BUS NUMERIQU1ES

I.e nombro des informations capt~es, lea possibitit~s de traitement offertea par les 6quipements et
leg possibiliti-s d'6changes offertes par l-s boa num~riques poorraiont si olles 6taient mal utilis~es saturer
le pilote avec oine quantit6 d'informations toutes otiles mais pas au me instant.

11 a dono k6t n~cessaire de proct~der Ai l'int~gration des visualisations et des coimmandes du systi'me.
Ainsi bien que les apai do Mi 2000 soient beaucoup Plus importantes'quo cellos de tr~s nombreox
chasseurs, la cabine pilote Fiue6toot en rostant aaaoz chargi~e ost comparable A cellos do ces mes
chasseors.

L'ensemble des informations de pilotage, de navigation et de conduite do tir eat present& sur trois
visualisations cathodiques prograinmablos (c'est-A-dire dent l'image eat dt~termin~e par prograimme). Le bus
fournit leg informations trait~ea 5i tine cadence suffisante pour obtenir tine image continue.

t~j - L.a Ikte haute - collimat6e

- I,' cran tkte basso

- .' 6cran contre-mesuro
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La fiabiLit6 des tubes cathodiques est maintenant suffisante pour que lion puisse les consid~rer
cosmme les instruments principaux de pilotage. C'est donc sur eux que repose is r~ussite de la mission, mais
pas Is s~curit6 car uls sont relay~s en cas de panne psr des instruments classiques de secours.

La r~alisation du systlme d'armes a permis de ne pr~senter au cours de is mission que les informa-
tions strictement n~cessaires A chaque phase de vol. C'est l'unit6 de gestion en service qui assure Ia ges-
tion de la haste des informations A prdsenter A partir de la connaissance qu'eIle a

- de 1'6tat des postes de commande.

- De 1'6tat des fonictions du syst~me de navigation et d'attaque.

Le conception de l'architecture num~rique du systlme a 6t faite dans le but de simplifier au
maximum is tiche du pilote. Celui-ci dispose au niveau des principales coninandes du compte rendu par
voyants de la selection effective des fonctions dans les 6quipements. Lea informations en provenance des
principaux pastes de commandes sont achemin6es par le Digibus. 11 s'agit des pastes de commandes

- Radar

- Armement

- Navigation

Bien que d'acc~s facile, ces pastes de commandes sont utilis~s pour des pr~s~lections au cours de
phases de vol pendant lesquelles la charge de travail du pilate est moins importante. De plus un MIP (module
d'insertion de param~tres) introduit dans le PCN (poste de commande de navigation) permet de charger rapide-
ment la totalit6 du plan de vol de l'avian. La preparation du MIP s'effectue au sol pendant ls preparation
de la mission.

Maintenance int~gr~e.

Taute la surveillance et I'analyse de panne d'un tel syst~me n'6tant plus possible par le pilote,
des circuits d'autatests ant 6t incorpords dans les 6quipements num~riques. Seuls les r~sultats sont
cannsuniquis au pilate pour lui indiquer s'il peut ou non d~buter ou poursuivre sa mission dans les conditions
pr~vues.

Ces mavens peuvent tre utilis~s pour is maintenance au sol par l'interm~diaire du Digibus

- L~a m6morisation en vol des r~suitats d'autotests mauvais.

- Le traitement logique diff~rC de ces m~morisations et visualisations.

- Le d, clenchement de s~quences particulilres d'autotests.

A titre d'illustration la fonctian navigation et approche faurnit un exemple de visualisation
prograrmtmble ;sur lo Mirage 2000 elie eat autonome et pr~sent~e en viseur tate haute. Elle permet

- La navigation vera un but affich6.

- La navigation suivant une route d~siree.

- L'arrivt~e sur le but A une heure d~siree.

- I.e recalage de la navigation.

Les informations sont p--~sentiles au pilote suivant deux modes

- L~e made navigation 1 Figure 9

- Le made approche IFigure 101

I. V - CONCLUSION

Le programme Mirage 2000 6tait ambitieux. Le choix de lavian manoplace a conduit A une 6tude
4 particulii rement pauss~e du syst~me dont la complexitg n's pu tre envisag~e

-Stir le plan utilisatian par un seul merabre d'6quipage, que par laoptimisat.'on du pilotage
grice aux mavens de visualisatian programmable.

-Stir Ie plan technique, que par la num~risation des 6quipements et l'utilisation du Digibus

pour pcrmettre leur dialogue.
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PROGRAMMABLE MULTIPURPOSE FLIGHT TEST

INSTRUMENTATION SYSTEM

by

RUdiger Karmann

Institut fUr Flugmechanik

Deutsche Forschugs- und Versuchsanstalt
f(r Luft- und Raumfahrt e.V. (DFVLR)

D 3300 Brauschweig-Flughafen, West Germany

SUMMARY

As a result of the increased use of flight control and stability augmentation systems, higher frequency
contents of the control loops together with an increased amount of information provided by additional
sensors have placed severer demands on the flight test instrumentation. To achieve a reasonable
relationship between costs and benefits a computer - controlled flight test instrumentation system was
developed by the DFVLR. Through the modular construction of this device a wide field of applications is
achieved.

1, BACKGROUND OF DFVLR FLIGHT TEST METHODOLOGY
In classical flight mechanics the improvement of flight performance nd flying

qualities have been the basic objectives. Here only the rigid body modes of flight vehicle
dynamics are of importance. The rigid body modes have been satisfactorily described by a
frequency bandwidth of 0 to 1 Hz.

As a result of the increased use of flight control and stability augmentation systems
[Ref. 1], higher frequency contents of the control loops together with an increased amount
of information provided by additional sensors, have placed severer demands on the flight
test instrumentation [Ref. 23. This development is mainly visible in the data rate
necessary for flight tests. Fig. 1 shows the data rates for windtunnel and flight testing
at the DFVLR Institut fUr Flugmechanik including an estimate for the next five years.

Until the year 1978 the data rates were not higher than 100 kbit/sec. With the be-
ginning of the dynamic rotor tests (DRT) using the rotor test stand (RTS) and the Bo 105
helicopter tests, there has beena continuous increase of data rates since the year 1978.
For future tests in the range of active control technology (ACT) an increase of data rates
up to approx. 1 Mbit/sec is expected.

Until 1978 the general range of flight tests could be carried out satisfactorill '.irg
flight test instrumentation in analog frequency multiplex technology with channel numbers
to max. 36. For future applications this system has been proved to be inadequate as re-
gards bandwidt ,, channel numbers and accuracy.

In 1978 it therefore was decided to develop a new flight test system, the so-called Mobile
Flight Test And Real-Time Data Analysis System.

2. APPLICATION FLEXIBILITY OF MOBILE FLIGHT TEST AND REAL-TIME DATA ANALYSIS SYSTEM
The aspect of cost-effectiveness in flight test techniques is becoming more and more

important, as a result of the constantly increasing complexity of modern flight vehicles
[Ref. 33. For future flight tests a reasonable relationship betwern benefit and costs is
only achievable by the consistent consideration of the following points:

. Short installation times of flight test instrumentation

. Automatic testing and monitoring of the on-board and ground-system

e Variable application spectrum by modularity in hard- and software

These requirements necessitate the consistent use of modern computer systems [Ref. 41.

Fig. 2 gives an impression of the Mobile Flight Test and Real-Time Data Analysis
System.

At present the application-spectrum of this system covers research tasks of the Rotor
Test Stand [Ref. 53, Helicopter Bo 105 [Ref. 6, 7) and the Inflight Simulator HFB 320
[Ref. 8, 9).

The M'obile Flight Test And Peal -ire Data Xnalysis !ystem consists of the following
components:



PR0GJA4ABLE MULTIPURPOSE FLIGHT TEST INSTRUMENTATION SYSTEM (PMFTIS)
fo.L on-board data acquisition and telemetry

TELEMETRY AND TRACKING SYSTEM for the data-uplink and downlink as well as for the
position-measuring of flight vehicles

GROUND BASED DATA SYSTEM, including ti.e ea,'ipmezLL for telemetry, quick-look and data
recording

GROUNE BASED DATA ANALYSIS SYSTEM with multi-computer systems for realtime data
analyfiis such as harmonic analysis, spectral analysis, stress analysis, rotor stabili-
ty analysis, flight performance analysis.

'his last system is at present being developed. An account will be given here of the
PMFTIS.

3. DES.RIPTION OF PROGRAMMABLE MULTIPURPOSE FLIGTH TEST INSTRUMENTATION SYSTEM (PMFTIS)
Fo. the design of PFMTIS the following requirements were given special consideration:

* Compatibility of available measuring devices

a Modularity

* Suitability for a wide application ranqe

* Expandability for future measuring tasks

* Simple operation

a Cemputer controlled built-in-test

* Automatic acquisition of the complete test-relevant parameters.

The block diagram shown in fig. 3 is based on the above-mentioned requirements.

In the maximum configuration the acquisition of sensor signals and the remote control
of flight vehicles from the ground is possible using a PCM-downlink and uplink.
A maximum of flexibility is achieved by the three bus-systems.

The central, interactive control of the whole system is accomplished with help of the
Nirborne Computer System and the Control and Display Unit.

In the Analog Signal-In Processor Modules (ASIPM)Ipto eight analog sensor signals are
preamplified, filtered, digitized and buffered.

For the prccessing of the digital data, the so-called Digital Daa-In Processor Modu-
les (DDIPM), each with 8 xc 16 digital inputs, are available.

The PCM Controller Encodpr (PCMCE) reads the buffered data after addressing the single
module. The control of the actuators by the PCM Controller Decoder (PCMCD) occurs in the
complementary manner.

The total data acquisition (sampling of analog signals, storage of digital data) is
controlled either by the Time Code Generator (TCG) or by an External Frame Sync. The
Time Code Generator contains external synchronization inputs for automatic synchronization

* of the internal quartz o"s-illator by an external mother clock and automatic reading of
time and date.

* 3.1 INTEGRATED SENSOR MODULE (ISM).4
Tn the field cf flight test techniques, in many cases

it is difficult to transfer small sensor signals (microvolts to millivolts) to the signal
processing electronics through lonq leads.

Therefore one should use Integrated Sensor Modules (ISM), as shown in fig. 4. Such
modules contain, integrated in a screening box, the sensor, the preamplifier, and if
necessary, a prefilter and isolation amplifiers for potential separation. Through the use
of Torquer Sensor Systems the single sensor can also be included in the built-in-test.

Fig. 5 shows a three axis accelerometer-ISM. Here the sensors, the integrated
electronics and the DC/DC-converter can be seen.

3,2 ANALOG SIGNAL-IN PROCESSOR MODULE (ASIPM)

Because of the relatively high signal level at the outputs of the ISM' there is no
need for hi'ih post amplification in the ASIPM. Fig. 6 shows the block diagram of an ASIPM.
The signal peth leads from the input switch to the programmable amplifier, the programmab-
le low pass filter, the test multiplexer, sample and hold, multiplexer and 12 bit ADC to

r
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the E-Bus-Interface.

The selection of offset voltage, gain and filter cut-off frequency is made under
computer control using the C-Bus-Interface and the control logic.

Any test signal can be generated using a special D/A converter. With the help of the
input switches and the test D/A, a built-in-test including the sensors, is possible, as
well as a test of only the ASIPM. Every single input channel can be selected by the test
multiplexer from the control and display unit CDU. After voltage to frequency conversion,
the measuring signal of the selected ASIPM-channel is transferred to the computer and
can be displayed on the CDU's display.

If necessary, the eighth signal channel can be subcommutated: channels with 1/8 of sample
rate are available.

The sample and hold, multiplexer and A/D-card can be changed by a card with 18 voltage
controlled oscillators (VCO) for a frequency multiplex operation. This guarantees the
compatibility of available analog telemetry devices.

Fig. 7 shows an ASIPM together with a programmable signal conditioning card.

3.3 DIGITAL DATA-IN-PROCESSOR MODULE (DDIPM)
The DDIPM, shown in fig. 8, contains 8 x 12 digital inputs. The transfer o! -be

digital data to the shift register occurs simultaneously for all modules via S ample
and hold-clock. To read the digital data, the DDIPM is addressed using a 4 bit "dress.
Subsequently the data are serially clocked out by the PCM-clock.
The E-Bus consists of 7 twisted pair wires.

3.4 PCM-CONTROLLER ENCODER (PCMCE)
The PCM Controller Encoder has four essential functions:

* Central, simultaneous control of signal sampling in the E-Bus-modules

* Addressing of the single modules (random access)

* Reading of serial data from the single modules

# Inserting of sync words.

The "schedule" for the data transfer is written into the memory of the PCMCE once by
the computer before beginning data acquisition, as is the information concerning the
number of connected modules, the sample rate and the frame composition. The PCM-frame,
shown in fig. 9, is very simple in structure as a result of the modular construction of
PMFTIS. The beginning of the frame is characterized by two sync word. At the beginning
of the frame all analog and digital signals are sampled and written into the buffers.
The first eight data words fron M frares contain the time, date and status information,
such as:

e Type of measuring signal

* Calibration data of sensor

a Gain for each channel

* Offset

9 Filtering

e Test specific data
(Pilot, test-vehicle etc.)

The first eight data words are followed by eight data words for each of the N-data
acquisition modules, connected to the E-Bus.

In tig. 9 channel 8 of module 1 is subcommutated with 1/8 of sampling rate.

With the wordlength of 13 bit (12 bit information + I parity bit) and the sample
frequency f. . the bitrate is:

R = f . (N+1) • 8 + 2 13 bit.
4 5

This bitrate, which is dependent only of the number of modules (N+1) and the sample
frequency fs' must be generated by a special method of clock processing.
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3.5 CLOCK PROCESSING

In the field of flight test techniques the data of several flight test vehicles and
ground devices, e.g. for position measurement, are often measured in different flight
test instrumentation systems. If the data sampling in these instruments is not synchro-
nized, the offline computation of synchronized data is quite difficult.

*The time synchronization of PMFTIS was therefore an essential condition for the
development of the system. In addition, the data evaluation should be further simplified
through simultaneous sampling of all signals. A further requirement was the external
synchronization of sampling, e.g. phase-synchronously to helicopter-rotor-cycle.

The clock processing shown in fig. 10 is based on these requirements. The Clock
Processing Unit (CPU) is controlled by the computer. The value of the sample frequency
f and the number of modules N are written into the registers of CPU once before begin-
n ng data acquisition.

In the case of time synchronous sampling, f will be generated by a 10 KHz clock
derived from the 5 1.1Hz main oscillator with thS help of the programmable frequency
divider. By resetting this divider each second, a phase-locked allocation to the clock
is achieved.

In accordance with the formula for PCM-clock frequency R in section 3.4, fs will
first be multiplied by the factor 26 in a Phase-Locked Loop (PLL)-circuit.

By means of a further frequency multiplication in the range of 9 corresponding to
Nmin = 1 up to 65 corresponding to Nm = 15 the clock frequency R is generated. By
connecting the sample clock input to ma external clock generator, the sampling synchro-
nity to an external clock can be achieved.

3.6 TIME CODE GENERATOR (TCG)

The -CG is driven from the main processor clock, which has a stability of better than
5 x 10 per day. The phase synchronization and the reading of date and time information
occurs automatically after connection to the external mother clock. For FMMPX-operation
the IRIG-B-Code is generated. In this case the status information of the modules is
transmitted with the help of the 45 information bits of the IRIG-B-Code.

3.7 AIRBORNE COMPUTER SYSTEM (ACS)

The Airborne Computer System is based on microcomputer type SBP 9900. It is placed in
an ARINC-box 1/2 ATR (fig. 11) and contains the following components:

* Contral Processor Unit

a Memory (16 K-words)

* Parallel I/O

* C-Bus-Interface

a Terminal Interface

NThe programming is carried out in program language PASCAL.

3.7,1 CONTROL AND DISPLAY UNIT (CDU)

y The Control- and Display Unit (fig. 11) contains an alpha-numerical display with 4 lines
of 16 characters each and a 4 x 4 keyboard. Of these 16 keys, 10 serve to enter numbers,
2 for cursor positioning and 4 for the control of special functions.

The programming is carried out block-wise. Each program block is characterized by a

special page in the display.

4. PMFTIS APPLICATION
The following example will illustrate the flexibility of PMFTIS. Fig. 12 shows the

data acquisition with a rotor-synchronous sampling of measuring signals.

The whole measuring device consists of a special rotor flight test instrumentation
system (RFTIS) for measuring strain gauge signals and a PMFTIS for data acquisition of
measuring signals on board the helicopter.

The PMFTIS receives angle-synchronous pulses of a rotor shaft anqle encoder for
generating the sample rate and the information of the zero position of the rotor. The
anglo-synchronous sample pulses are transferred from PMFTIS to RFTIS by a slip rinl.
The output data of RFTIS are transferred serially to PMFTIs by a further slip rino.
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With the help of this measuring principle a dynamic analysis of rotor- and helicopter
dynamics in relation to the rotor angle position is possible.

5, CONCLUSIONS

The Programmable Multipurpose Flight Test Instrumentation System presented here is
the answer to the annually increasing conplexity of flight test techniques. Through the
modular construction of this device a maximum of flexibility for a wide field of
applications is achieved.

Important aspects in the development of this device were the compatibility with
available analog flight test devices, the simultaneous sampling of all measuring signals,
the external synchronization of sample rate and the interactive programming.

The essential data of PFMTIS are summarized in table 1. The high accuracy of the
analog section and the high main processor clock stability are especially worth emphasi-
zing. Thu PMFTIS is based on a total conception for real time data processing. Thus it
is guaranteed that the test results are available for the experimentator directly or
immediately after flight tests. This leads to a significant reduction in costs of flight
tests.

*

0
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LIST OF SYMBOLS

PMFTIS Programmable Multipurpose Flight Test Instrumentation System

FM!?PX Frequency Multiplex

PCM Pulse Code Modulation

RTS Rotor Test Stand

INS Inflight Simulator

TIFS Total Inflight Simulator

PI Parameter Identification

DRT Dynamic Rotor Test

OLGA Open Loop Gust Alleviation System

HQ Handling Qualities

ACT Active Control Technology

ASIPM Analog Signal-In Processor Module

DDIPM Digital Data In Processor Module

PCMCE PCM Controller Encoder

PCMCD PCM Controller Decoder

TCG Time Code Generator

ISM Integrated Sensor Module

CDU Control and Display Unit

VCO Voltage Controlleti Oscillator

CPU Clock Processing Unit

ACS Airborne Computer System

RFTIS Rotor-Fliqht Test Instrumentation System

I
i 4

. . . I | I I I I I.. - , .. _ _ _ _
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Fig. 7 ASIPM and programnmable signal conditioning card
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RECENT TRENDS IN FLIGHT TEST SIGNAL CONDITIONING

DONALD W. VEATCH
Aerospace Instrumentation Consultant

Star Route 2, Box 114 3 , Tehachapi CA 93561, USA
ABSTRACT

Radical changes are pervading the whole data acquisition process. These changes are so dramatic in
many areas that the impact on signal conditioning is often not being properly evaluated. This paper will
cover some of the changes in techniques being brought about by this new technology as well as some of the
more interesting hardware developments for specific signal conditioning tasks.

INTRODUCTION

Many of the recent advances in signal conditioning technology have been the result of the development
of the silicon chip integrated circuit. This development has made possible extremely sophisticated
systems that require almost negligible space and power. Also in recent times when the trend has been
towards rapidly increasing costs, electronic components are the only example that comes readily to mind
where costs have dropped dramatically. Further justification for the use of integrated circuitry in sig-
nal conditioning is that it is extremely reliable. The characteristics of small size, low power consump-
tion, high reliability and low cost come close to the flight test instrumentation engineers' design con-
straints of no space, no power drain, no problems, and little money. It therefore should come as no sur-
prise t:at integrated circuits are changing signal conditioning technology.

DEFINITIONS

Before becoming too involved in recent signal conditioning trends it is desirable to define what
flight test signal conditioning encompasses. Flight Test Signal Conditioning is defined in AGARDograph
No. 160, Volume 1 (Ref. 1) as "all signal modifications between the transducer and the input stage of the
recording or telemetry system, the indicator or the airborne computer." Signal conditioning is also a way
to optimize the match of the transducers to the aircraft terminal devices, e.g., tape recorder, trans-
mitter, etc. Properly done, signal conditioning greatly simplifies airborne data acquisition and ground
data reduction tasks. For example, Pulse Code Modulation (PCM) signal conditioning makes it possible to
place many channels of data on a single tape track or on a single telemetry 'ansmitter channel and also
match the data conveniently to modern computerized ground stations.

THE INSTRUMENTATION AMPLIFIER/PRE-SAMPLING FILTER

To illustrate how silicon chip integrated circuits have chang-'1 signal cL itioning technology a
combined instrumentation amplifier and pre-sampling filter will be scussed. What has been done with the
amplifier/filter could also be done for signal conditioning circuits such as the charge amplifier, current-
to-voltage amplifier, etc.; however, many of the special circuits required by t'e instrumentation engineer
are not generally available at a reasonable cost. Figure 1 compares a transistorized instrumentation
amplifier/pre-sampling filter with its counterpart constructed using hybrid thick-film techniques. The
transistorized amplifier was a very significant advance over the previor. 'arge, ineffiLient and unreli-
able electron tube amplifier in terms of cost, power consumption, size, etc. The hybr'd thick-film tech-
nology has provided another major size reduction. Both amplifiers of Figu e 1 inciude provision for volt-
age gain and offset adjustments and changing filter cutoff frequenc3 Figure 2 is the scie amplifier
using thin-film techniques. Normally a small reduction in size might be expected using this technique;
however, in this instance it was decided to considerably enhance the pre-san;pling filter section. The
larger of the two metallic packages in Figure 2 is the pre-sampling filter and the smaller is the instru-
mentation amplifier. These packages are mounted on a printed circuit board which provides terminals for
adjusting the amplifier's voltage gain and offset and the filter's cutoff frequency. Figure 3 shows the

* basic hybrid thin-film amplifier with the cover removed.

Eglin Air Force Base, Florida, is using a similar commercially available amplifier/filter which has
some very desirable features. Figure 4 is a simplified schematic diagram of this unit. The input ampli-
fier is voltage gain programmable from 0.1 to 1000 and the offset is adjustable to + 100 percent of full
scale. It has a differeotial input impedance greater than 100 megohms and a common mode rejection ratio
of 100 dB minimum at a gain of 1000. The filter section is a 6 pole Butterworthlow pass filter factory
set at a cutoff frequency of 5Hz. The cutoff frequency can be adjusted from 5Hz up to 5kHz by means of
six external resistors. The size is 0.5 cm high, 2 cm wide and 3.2 cm long. The unit will mount directly

. to a printed circuit board by means of pins located on its base. This unit and the previous unit are
similar in size and capabilities and represent what should soon be readily available at a reasonable cost.

AN ECONOMICAL MICROCIRCUITS LABORATORY

Almost any signal conditioning circuit can be designed into a hybrid microelectronics package; unfor-
tunately, unless the demand is large enough, the particular circuit required may not be generally avail-
able, and small quantities of special-order hybrid thin-film microcircuits can be prohibitively expensive.
Laboratories which can produce silicon chip circuits and to a lesser extent thick-film and thin-film
hybrid circuits are very expensive. If you do not have these types of facilities there is a fairly
economical alternative. For example, the NASA Dryden Flight Research Center (DFRC) in California
constructed an economical hybrid circuits laboratory for their own use. The laboratory was maintained
by one part-time technician. After a short training course the technician and the Center's electronic
design engineers could use the facility to construct signal conditioning circuits as required and it
was easier than producing similar circuits on printed circuit boards. The total cost for this laboratory
was less than the printed circuit facility already in existence at NASA-0FRC. For this economy laboratory,
only silicon circuit chips, chip resistors and chip capacitors were used. The desired chips were bonded
to a ceramic substrate and the chips were then wired together by a wire bonding machine. Careful planning
of the chip placement on the ceramic substrate is critical in order to minimize the number of cross-overs
of the minute wire jumpers. Very reliable signal conditioning can be produced this way, but the results
look very unsophisticated internally when contrasted to the production unit that was shown in Figure 3.

_' '.:' - " -. .. ... . -i ' -1 I M ,: -" ... I- -- -- A
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This technique is only economical for producing a small number of units.

PCM ENCODERS

Silicon chip integrated circuit technology has very significantly impacted the electrically c3m-
plex encoder signal conditioners such as PCM systems. At the present time the typical airborne PCM
encoder used in the United States uses Dual Inline Package (DIP) technology. PCM encoders using medium
scale integrated circuits in Dual Inline Packages are adequately sized for most applications. An example
of one such unit is shown in Figure 5. A printed circuit card from this system using DIP technology is
shown in Figure 6. Presently these types of systems are readily available with subcommutation that will
encode a very large number of data channels. Many of these airborne PCM encoders can accept data in more
ways than most ground stations have the ability to acquire the data. For example many systems can change
bit rates, word lengths, frame lengths, etc., as required by aircraft flight test conditions. This
exceeds most of the ground stations' capabilities to maintain synchronization.

Why would any flight test group ever want an even smaller PCM encoder than the present DIP technolo-
gy type PCM systems? The subscale Remotely Piloted Vehicle (RPV) programs have generated such a require-
ment at NASA-DFRC. These subscale RPV's which are used to perform high risk flight test missions such as
spin research and buffet studies on existing types of aircraft shapes or investigations on new concepts
such as skew-winged aircraft often require truly small signal conditioning systems. A miniature PCM used
at NASA-DFRC for this purpose is shown in Figure 7 and as shown, can encode 128 input data channels. The
end plate has been removed from the encoder to show the ultra-violet Erasable Programmable Read Only
Memory (EPROM) which allows the user to easily change formatting and timing programs. The mating connec-
tors are supplied by the manufacturer and include short wiring pigtails of 28 gauge wire. This creates a
problem in that in general practice, most aircraft use larger gauge wires. These wires further are often
shielded-twisted-pair wires, where every shield usually has a wire connected to the PCM encoder ground.
Thus, the final wiring fan-out can be overwhelming. In practice the total signal conditioning module is
usually wired in the shops, not on the aircraft.

These small PCM units which use thin-film technology have )roven to be very reliable and are bezoming
economically competitive with their DIP technology counterparts. The larger DIP technology systems at
present offer more system variety and flexibility; however, this gap is rapidly being narrowed.

While only the PCM encoders have been discussed, Frequency Mndulation (FM) encoders are readily
available in thin-film hybrid modules. These FM modules are available that conform to the Inter Range Instru-
mentation Group (IRIG) specifications for proportional, constant bandwidth and wideband FM encoders.

CHANGING APPLICATION PHILOSOPHIES

The use of large scale integrated silicon chip circuits will continue to impact the signal condition-
ing art; however, of equal importance is the fact that these advances are changing the philosophy of how
the signal conditioning is used. The reason that enhanced reliability and a significant reduction in
signal conditioning size necessitates a change in the way signal conditioning is applied is that experience
has shown that appreciable amounts of time and money can be saved by such changes.

To illustrate these changes, first consider that traditionally the signal conditioning has been
centrally located in one easily accessible area and in this same area typically would also be found
most of the other instrumentation equipment such as power supplies, tape recorders, junction panels, etc.
The transducers would be located throughout the aircraft where required and then their wiring routed
through the aircraft to this central location. In the larger vehicles this central area was between
flights a center of activity with the instrumentation people patching in new channels, tracing problems,
replacing defective equipment, calibrating data channels, etc. In addition the aircraft mechanics would
be working on the aircraft itself. All this activity led to considerable congestion and confusion. In
smaller aircraft a single access hatch to the centrally located instrumentation bay was often responsible
for long delays between flights. The concept of centrally locating the instrumentation was mandated
mainly by the large size ind the required maintenance of these types of equipment.

In the DC-I fliq ' certification program, the Douglas Aircraft Co. (DAC) implemented an improved
de-centralized approa-.. The following example involved a large commercial passenger aircraft which

required over 70{ Irut data channels. In this flight test program the signal conditioning including
the PCM encoders re located near the centroid of each concentrated instrumentation area: On each

A engine, in each wing, in the tail, and in the cabin. See Figure 8. To further simplify the system
some of the transducer signal conditioning was placed on plug-in cards integral to the PCM Remote
Multiplexer and Digitizing Units (RMD'J's). This considerably reduced the number of instrumentation boxes
with their interfacing connectors and wiring harnesses. Thus, a good percentage of the transducers were
terminated directly at the remotely located PCM RMDU's. These RMDU's were connected by means of a simple
"data bus' to o centrally located data management unit. The purpose of the data management unit was to
request data from the various remote PCM RMDU's and interweave the resultant data into the formats
required by the various aircraft data terminal devices such as tape recorders, transmitters, crew
displays, etc.

By using a distributed signal conditioning system, as contrasted to the centralized signal con-
ditioning system, the Douglas Aircraft Company estimated (Refs. 2 and 3) that they reduced the length
of wiring from 62,500 meters to 7,600 meters and saved over $55,000.00 in wire costs alone. Additionally
this distributed type of system saved an estimated 3,900 installation manhours and reduced the instru-
mentation weight by more than 14,000 Newtons. The money saved on the installation was estimated to have
paid for all of the remote multiplexing system hardware. Thus by a change in installation philosophy
one company has helped finance their new PCM data system. Similar savings can be expected in a 700
channel data acquisition system used on fighter type aircraft. In this case the wiring runs would be
much shorter; but, the de-centralized approach avoids the task of running large bundles of wire in
confined spaces which often requires an extensive and costly manpower effort.
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In general the distributed type of data acquisition system is desirable mainly for the larger
instrumentation tasks, e.g. larger than 100 to 300 data channels. Unfortunately no distributed type
data system is presently available which has all the desired features. The major impediment to the

I development of the distributed systems seems to be that there is no consistent demand for the large
instrumentation systems. A solution to this problem may well be for the data users to make the manu-
facturers aware that a reasonable number of changes in the initial design of a small central type PCM
system can make the unit function also as a remote encoder controllable by means of a "data bus" from
a central data management unit.

FIBER OPTICS WIRING

An interesting innovation, a by-product of the DAC's distributed encoding system,was the appli-
cation of fiber optics wiring. The PCM RMDU's and tne data management unit communications took place
at a 2 megabit rate. When the wires connecting the RMDU's to the central data management units were
over 100 to 200 feet long, special and expensive high frequency wire was required. This wire is being
replaced by a readily available fiber optics strand for the follow-on instrumentation task,. Optical
connectors are readily available as are the electrical-to-optical transmitters and the optical-to-
electrical receivers. The techniques for using fiber optic "wiring" are well developed and involve no
major outlay of money. Fiber optics "wiring" can be very useful where high frequencies have to be
transmitted for any distance and where voltage isolation or electromagnetic interference are major
problems. As always, care must be taken in introducing new procedures to insure that the problems
associated with the new techniques are fully appreciated at all levels of the installation process.

DIGITAL DATA SIGNAL CONDITIONERS

A trend which is a direct result of the progress made in microelectronics is the startling growth
of the amount of digital data being processed by flight data acquisition systems. Sone instrumentation
groups estimate that over 90 percent of the airborne data is either digitized in the data acquisition
system or presented to the system as digitized data. This trend has produced a large number of digital
signal conditioners which are here classified as formatting, microprocessor, microcomputer and mini-
computer signal conditioners. The above order of classification reflects the general order of
increasing computer-like capabilities of each system. The boundaries between the bottom of one class
and the top of the next class involves considerable overlap. For example, the most powerful of the
microcomputers often equal or exceed the capabilities (e.g., speed, flexibility, word size, software
libraries, etc.) of the more limited minicomputers. Formatting signal conditiornng has no computational
capability but can have considerable ability to sort, rearrange and select digital data.

FORMATTING SIGNAL CONDITIONERS

One recent trend which is impacting signal conditloning is the rapid advancement of avionics sub-
systems instrumentation and the linking of these avionics subsystems by means of a data bus. By defini-
tion these avionics systems are aircraft control systems and not as such, a part of the data acquisition
system. Two considerations, however, have caused them to heavily impact the data acquisition signal
conditioning engineer. The first consideration is that these systems have become extremely complex;
therefore, the avionics engineers, especially in the first stages of flight test, often want to record
all the information on the data bus to aid them in problem analysis. The second consideration is that
systems such as the Inertial Navigation Systems, Air Data Computer Systems, etc., have become highly
advanced and the data bus contains much excellent data which the flight test engineer can use.

Figure 9 shows how the F-16 Advanced Fighter Technology Integrator (AFTI) aircraft flight test system
meets both types of demands with formatting type signal conditioners. (The F-16 AFTI is a joint U.S. Air
Force - NASA program which is being implemented by General Dynamics Corporation). The Avionics Bus

Interface I satisfies the requirements of the avionics design group to record all the information which
occurs on Buses A and B. The data bus used on this aircraft is the Military Standard MIL-STD-1553B data
bus (Ref. 4). Three types of twenty-bit words are permissible on the two data buses A and B. These
are: Command Words, Data Words and Status Words. A word on one bus can overlap a word on the other bus
and there are many times when no words exist on either bus. The Avionics Bus Interface 1 is a simple

Iformatting type signal conditioning system that generates twenty-bit psuedo data words for insertion onto
the tape channel until a data bus word is available. When a data bus word arrives it is inserted into the
data stream as soon as a twenty-bit pseudo data word is completed. If a word on the alternate bus should
overlap another word it is delayed until the end of the first word and then it also is inserted into the
data stream: Thus all words on both buses are recorded with only minor time shifts.

The Avionics Bus Interface II is considerably more sophisticated. In this system, the data bus

which generates words asynchronously has to be matcheo to a continuous repetitive PCM data stream
functioning at a different bit rate. Figure 10 is a block diagram of this system. The bus receiver takes
the words off the two buses and forwards one bit to identify from which bus the word was derived. The
Decoder changes the code format from Manchester II bi-phase level to a non-return to zero (NRZ) format,
removes the synchronization word which involves three bit times, and also removes the parity bit. The
resulting sixteen-bit serial word is passed on to the Buffer Register. The Buffer Register takes the
sixteen-bit serial word and constructs a new twenty-bit parallel word which contains a parity bit, one
bit to denote the bus from which the word origirated, and two bits which identify the type of word
involved, i.e., Command Data or Status. Also, this register sends the Command Word to the Word Selector
Logic. The Word Selector Logic can be set to recognize requests for up to 256 words and selects which
words will be entered into the PCM data stream. The Buffer Register passes all data words on to the
Data Register which takes the words in at one rate and clocks them out at a much slower rate since the
word is now a twenty-bit parallel word. All words are sent to the Random Access Memory but only the words
of interest are written into memory. From the Random Access Memory the data words are selected in the
order they are to appear in the PCM data stream an sent to the Buffer Memory, which synchronizes the word
rate to that of the PCM system. One interesting fIature of the Random Access Memory is that the parity
bit is replaced by a bit which notifies the data user if the word in the Random Access Memory has been
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refreshed since it was last inserted in the data stream. This last Bus Interface takes up one printed

circuit card and is a sophisticated example of formatting type signal conditioning.

MICROPROCESSORS AND MICROCOMPUTERS

In the two previous examples there were no requirements for onboard real-time data reduction and
thus no real need for the computational capabilities of a computer or microprocessor. However, the DAC
flight test instrumentation group has used a microprocessor to accomplish essentially the same bus inter-
face, except the outputs were presented in engineering units and scaled to be recorded on airborne strip
chart recorders. In this case where actual data reduction was required, the computational power and
flexibility of the microcomputer was desirable.

When should computers be used for airborne signal conditioning? They should simply be used when
they can do the task better and cheaper than other approaches. The author's position is that computer-
ized systems should mainly be used when real-time on-board data reduction is required and two-way tele-
retry, (i.e. raw data on the telemetry down-link and reduced data on the telemetry up-link), is not
-esirable for whatever reason. An actual example is discussed below, which illustrates" how this type
rf airborne signal conditioning can be used to good advantage.

If a person visits the various flight test facilities they cannot escape the conclusion that the
major trend at present in signal conditioning is the rapid increase in the application of microcomputers.
Microcomputers are being used for example: To make a small 32 cell pressure manometer which electronic-
ally scans and repetitively calibrates each pressure module during flight, to produce a scanning spectrum
analyzer, and to change raw data to engineering units for aircraft real-time use (as in the DAC micro-
computerized bus interface mentioned above).

The Boeing Commercial Airplane Company (BCAC) has used microcomputers to provide real-time on-board
computation of flight test Gross Weight and longitudinal Center-of-Gravity (GW-CG). A block diagram of
this system is shown in Figure 11. The Real-Time GW-CG Computing System (Ref. 5), was developed to
solve two similar, but different problems. The first problem was that the on-board flight test engineers
were often required to know the aircraft's gross weight and/or center-of-gravity to set up a particular
flight test routine. Computing GW and CG from the volumetric flow data and other raw data was a diffi-
cult and time consuming process involving complex graphic solutions. The present system eliminates this
problem entirely and has significantly reduced actual flight hours. The second problem was that before
certain data could be reduced in the ground based computers, a complete data tape pass was required to
generate the GW-CG profiles into the data base. Now, if data is requested for a certain portion of the
flight program the GW-CG information is available with the first data tape pass. This system has made an
appreciable reduction in the required ground based computer's data reduction time.

This is a very interesting and well designed system. A complete system uses eleven microcomputers.
Each of the five Fuel Weight Flow Encoders and the two Discrete Data Acquisition Units have their own
microcomputer. The GW-CG Processor uses three microprocessors. In the GW-CG Processor one micro-
computer controls the keyboard interface, video display, message processing, and the GW-CG computing;
the two subordinate microcomputers transmit and receive messages via the communications network. The
microcomputer in each Fuel Weight Flow Encoder Unit is programmed with a set of very complete calibra-
tion equations to provide an accurate computation of Fuel Temperature, Fuel Pressure, Fuel Flow Rate
(pounds per hour), Fuel Used (pounds), and several diagnostic parameters. Calibration equations are
programmed into the microcomputer for the transducers the Fuel Encoder Unit services, i.e. a turbine
flowmeter, a platinum temperature sensor and a pressure sensor. The GW-CG Processor provides the Fuel
Encoder Unit with an initialization factor which is derived from a preflight fuel density and temperature
measurement. The Discrete Data Acquisition Unit accepts inputs as shown in Figure 11 and outputs in-
formation such as the moment changes caused by a change in position of the landing gear and flaps, the
composite weight and moment of the aircraft water ballast, and which fuel tank is connected to which
engine.

MINICOMPUTERS

BCAC used a powerful minicomputer to save considerable flight time and therefore money during the
flight certification program of the 747 SP aircraft (Ref. 6). Figure 12 is a simplified representation
of the BCAC computerized flight test data acquisition system. The BCAC standard flight test data
acquisition system is shown in Figure 12 above the dashed line. The portion of the system shown below
the dashed line represents a very limited version of the BCAC ground monitoring station and also provides
pre-flight and post-flight instrumentation analysis capabilities. Since BCAC was testing a large
commercial passenger aircraft which had no stringent space or weight restrictions, it was logical for them
to move the minicomputer monitor capability onboard the aircraft so that they could use the minicomputer's
generous capabilities to monitor and accomplish near real-time analysis of the data in flight. For
example BCAC estimates that the on-board minicomputerized monitoring system used on the 747 SP program
cut their Flight Load Survey flight time by approximately 20 percent and reduced the Airplane Performance
testing by approximately 15 percent to 20 percent. This change was facilitated since BCAC does not fully
subscribe to the telemetry principle except for critical flight safety testing, such as flutter flight
tests. Their reasoning is summarized as follows: First, BCAC test aircraft are large enough to carry
analysis and instrumentation engineers. Second, the Seattle, Washington area, because of surrounding
mountains and the prevailing weather patterns, is in a particularly poor telemetry area. Third, BCAC
wishes to be flexible in scheduling flight tests at many different geographic locations, which may not
have telemetry facilities. BCAC has found this flight testing technique very useful and is using it on
all their present test programs. This same approach will be used on the future flight tests of the
767 and 757 aircraft. If other flight test facilities subscribe to BCAC's telemetry philosophies then
placing this amount of ground station type computing capabilities in large test aircraft might constitute
an emerging trend.
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CONCLUSION

In conclusion, it is obvious that miniature reliable electronics are dominating the signal condi-
tioning trends at this time. Complex encoders such as constant bandwidth frequency modulation or PCM
systems can be constructed which will fit in the palm of a hand. The data bus which is already linking
computerized avionics subsystems together is also providing the flight test engineer with new sources of
data. The computer is just beginning to influence new types of airborne signal conditioning systems,
and should be the major factor in the changing nature of airborne signal conditioning during the next
decade.
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AN INVESTIGATION OF THE LINEAR AND ANGULAR VIBRATION
ENVIRONMENTS OF TRIALS AIRCRAFT

G. L. Wray and D. J. Flynn
Royal Aircraft Establishment
Farnborough, Hampshire, UK

SUMMARY

This paper describes an investigation of the dynamic environment of trials aircraft
based on the measurement of linear acceleration and angular velocity along and about the
three principal airframe axes. The results, expressed in the form of power and cross
spectral densities, are used to set up an empirical mathematical model of the dynamic
environment of an aircraft for use in computer simulations of a strapdown inertial
navigator. The application of the model to the simulation of strapdown system alignment
in a nominally stationary vehicle is discussed.

LIST OF SYMBOLS

Ap maximum amplitude of a peak of a power spectrum

A. • maximum amplitude of the cross spectrum between channels i and jii

a,aib,gI  scaling factors or constants

bc,d

a(t),al (t)
b(t), b l(t) components of motion
c(t)

B aircraft body axes or the half power bandwidth of a spectral peak

CB transformation matrix between navigation axes and body axesCN

E earth frame or a constant

E(x) the expected value of a variable x

J {x(t) Fourier transform of a signal x(t) evaluated at a frequency

g apparent acceleration due to earth's gravity

'm the mass attraction gravity vector

H(s) transfer function of a system

h moment arm

I I I matrix of input disturbances

square root of -1

k constant

'sx(t) the Laplace transform of a function x(t)

N navigation or geographic axis system (north, east and down)
n. (t ) a Gaussian white disturbance at a time t

1 n n

R radius of the earth

S() power spectrum of an output 0(t) evaluated at a frequency

. (,) power spectrum of an input 1(t) evaluated at a frequency

SAB cross spectrum between channels A and B

4 S. elements of a noise scaling matrix

t time interval

T time interval or a matrix of transfer functions

t time t of a time series t,, t2 .

I v N a vector v expressed in navigation frame coordinates

YE velocity with respect to the earth

.x the modulus of a quantity x where x may be real or complex

I X a vector representing output motion of a system

X, Y, Z body axes

the real part of a complex number or scaling factor

scaling factor

't a time increment

error

output displacement or an angle

output velocity



LISTl OF SYMBOLS (concluded)

rate of chaniqe of output velocity

Xv coherence between channels X and Y at a frequency
* ~ ~ ~~ r-itiv hse angile

11 elemtents of a transition matrix

~1E he angular velocity of earth axes with respect to inertial space

the magnitude of the angular velocity of the earth

the centre frequency of a peak in a power spectrum

angular frequency

R constant
-scaling factor or latitude

scalino factor

* complex conjugate

(Civ/ d t)I rate of chanqe of a vector with respect to inertial space

INTRODUJCTION

Early in the development of strapdown inertial navigation systems in the United
Kingdom the importance of the dynamic environment of the host vehicle was recoonised. Thle
ability to describe the environment ia I uantitative way yields valuable data for the
design of inertial sensors and the computational aloorithns for both the alionment and
navigation modes of system. 'DPooat!i

Since vibration data wais io s'-rt s-,upply it was decided to construct a strapdown
measurement package, described in sec-tion o f this paper and to examine thie linear
accelerations and angular velocities al1-na ind about the principal airframe axes. The
aircraft examined so far are a Comet %!k 4 and a Wiestland Sea King helicopter wlich are to
aict as early test beds for strapdlown ndiiT~tion,_ systems. In the near future it is
intended also to investiiate the envir,-nment 'of a trials British Aerospace (HAe)
Buccaneer aircraft.

Several aspects of the fi tht cobol opes have been monitored from thle most benigin,
where the ait raft is patrked and nominal y stationary, to the most severe, where the air-
c-raft poerforms manoeuvrino Flioiht. The results, analysed in the form of power spectral
ensitie (PSThs) and cross spectral densities (CS-cDs), are presented in section 3 and
-i~t sed insct-ion 4. Mlttherotiical definitions of powerspcrldniecos

spc-zt Jensities and a socia -it-c parameters are- qiven in Appendix A.

ordecr to sinn ia th v-tarimc environiment of a sttapdown inertial navi eator in a
roi-i '' ''ic b use -.an bec - -t f thoese linear acceleration and angular veloci tv

n'easro(ont '- iloel- Care '-'ot 1_e CeXErci sud in interpretiLnq the meascrements particu-
lI 1' io t s reipa i t oo to OJ'A Ir At ClIV -_'10MpuL to t he giravi t at ion Ind earth' s rate a ioaaIs

I.I L'i Xt(. str.1aoo 'ili ott ot. T'ho api,iation of the vibratiaon measurem-ents to
ra.'!, torco iinet sirtl ition I co-nsidered in sect ion a.

cal,, ri- athemrat ici ri odel is presented in secti on 6 which, is capable oIf
.it It TI t Hhi -I an~l n

t
3 in ;i ., vbrato-ry motions of the airframe fo r ase in the

lev '--ot-f the -ow irtit ion 1l ilcotit-hms of a strapdown naviq4ator. The toue -is set
IT Iin h s;ec ti H di nsi ty i-itt obtained from, aircraft measurements. A part . ;'.

aaoto f-h-imo-do is th it it Canl be Used to simulate toal m' otionP Of MoV ttoa"It'-d
da"ra I swit

t 
ot-t t !e reed to htandaIe 1 aree vol umes of d at a. Al1so it ca n be er1 Io'ved to

(Ten or itt liy thett i calIc ta for en, tp of -eIIi71e ujetdt an y type L'evi otiental

toe, I( i' it i'-n h -5 't e I report ed here i s rthe iu la at ion of the cooI% I trts-enin t o f
to or-itt o i, n il' I Iat itonti a -Ii rcra f t. The so ftware devel1oped for thi -, t; te 1at i on

I int 1 10s e,, -t itt)n 7 a 1 pr,-,ra mmec o f fuiIt urie w o rk i s oa utI i oedj. lii a n"Iudet; tile
')I t t it (I t tu rI a nte , simtulaitedi by the empirical model, i n thfe devela)pr ontf

s' i itoniI nn 1 it: r i t him t; aimed ati L r nIits i rta r eac t ion t ithe i n th pre1(2senrce ~

tr ri I h'- 1. 'aI pr,! t nt r reiq spoo to si -pta 1-! wh ich represen t strapdcwn sensor nptttts
TI - 'n4 in'i ii v I,,, it 1 y w it h respect t o i nert ialI space expressed in

1;" itit I ' ollslf I aHi1 It It hr develo)pment i n sy at-et s imula1t ion s, i t i s a dvan -
I-o "' ti'r - Tptonnt ,f i', vibra titan secnsor measurements q~hicoh correspond

"nI; rit t hi is noi se otnpncnt, can then be -added the separately
rpt v: riit-i t-i n ton. til 1 r-ite t ils {)(Jq aI I *TE I required for the

lett"l It r' in I jyr ' : i-' i'' ' f -4 r qCo nav.i 7a tnr If this approach were not
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adopted, these signals would 
have to be obtained directly 

from the outputs of 
the

vibration measuring sensors and used for simulation. In this case a precise knowledge
would be required of the time history of the attitude of the host vehicle over the period
for which the vibration measurements were made and as a consequence the performance of
the simulation would be limited by the quality of the sensors chosen for vibration
measurement.

Adopting thu suggested approach of separately computing the levelling and gyro-
compassing signal components of the simulated sensor inputs, the noise measurements ill
the time domain can be transformed into the frequency domain (power spectra) for conven-
ience of data handling and reconstituted in the time domain during simulation. The time
domain data so formed can be constrained to have the same spectral characteristics but in
general not the same time history as the original data. Clearly this technique could not
be employed if the levelling and gyrocompassing signals were not computed separately.

The simplest procedure is to assume that the vibration measurements consist of
noise only and can therefore be added to separately computed signals. The errors in
signal estimation associated with this approach have been calculated and are summarised
in section 5 where the significance of removing biasses from the vibration data is also
discussed.

2.2 Accuracy considerations and choice of sensors

The choice of vibration monitoring sensors was dictated by the requirement to
quantify the dynamic environment with an accuracy of a few per cent over the frequency
bandwidth of interest to the inertial system designer, (0-100 Hz say). A bandwidth of
300 Hz was chosen as an ideal design aim for the sensor package since no significant
phase shift is then introduced up to 100 Hz. It will be shown, however, that angular
motion sensors could not be found which would satisfy this particular requirement.

It is also required that the vibration sensors have a linear response over the
dynamic enviconment to which they are to be subjected (approximately 100 /s and 6 g in
our case).

The choice of linear accelerometer to meet these requirements was straightforward.

Sundstrand QA1200 force-feedback accelerometers were chosen since they satisfied the
requirements at moderate cost. The relevant parameters of this sensor are compared with
the requirements in Table 1.

The choice of the angular rotation sensor however was not so straightforward. The
following options were considered:

(i) a pair of linear accelerometers for each axis separated by a moment arm;

(ii) angular accelerometers;

(iii) captured rate integrating gyroscopes with high torque capability; and

(iv) rate gyroscopes.

The first option involves detecting angular motion by sampling the outputs.
differentially, linear motion being discriminated by common mode rejection. The approach
was however rejected because of the need to closely match each pair of transfer functions
over thQ bandwidth of interest in order to achieve adequate common mode rejection.

The relevant parameters for the rotation sensors are summarised in Table 2 where
two examples of angular accelerometers (S,stron Donner 4591 and Schaevitz ASM), two
examples of rate integrating gyroscopes (Honeywell GG1III and Northrop GIG6) and one
rate gyroscope (BAe Dart RG408) are compared with the requirements.

In order to achieve an appreciable bandwidth using angular accelerometers it is
necessary to choose devices with a wide dynamic range. This choice, however, leads to a
relatively coarse threshold sensitivity. Additionally the uncertainty of the location of
the sensitive axis is considerably greater than the required figure of 10 minutes of arc.
For these reasons angular accelerometers were rejected.

The BAe Dart RG408 rate gyroscopes were chosen in favour of the rate integrating
gyroscopes largely on cost grounds. In addition they were readily available, had been
extensively tested at RAE and were felt to be adequate for the present application except

q for their limited bandwidth. Since none of the angular motion sensors considered were
satisfactory in this respect, the design aint for bandwidth had to be relaxed.

The major implication of this limitation is the lack of accurate phase angle
information obtained from cross spectral density data at frequencies greater than a few

-tens of hertz.

The chosen sensors, tnree Sundstrand QA1200 linear accelerometers and two RG408
rate gyroscopes were mounted orthogonally in a stainless steel block designed to have no
structural resonances in the ban'-idth of interest. Tolerances of the block are such
that orthogonality errors in the .,unting surfaces are less than I minute of arc which is
negligible compared with the axis errors of the devices themselves.

An electronics module was constructed containing the necessary ±15 V dc pcwer
supply for the accelerometers and qyroscopeL and a 1200 Hz square wave supply for the
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rate cyroscope rotors. Six amplifiers were included to buffer the sensor outputs and to
provide adjustable gain.

It was found necessary to ac couple the linear accelerometer output signals so that
sensed components of the earth's oravitational field did not cause saturation of the
procesi no electrcnics durinq hioh sensitivity measurements. A time constant of
I ... d T was chv'sen for this purpose.

The buffered analogue Output signals are fed into an I'M interface and the resultis:
signals recorded at 9.525 cm/s on manetic tape. Tile interface gives t40 per cent
modulation for an input of i2.5 volts.

The sensor block also carries a temperature sensor the output of which is recorded.
When required, the tempe-ature signal can be overwritten with a voice commentary using
the aircraft intercom system. In this way the magnetic tapes can be annotated to assist
tae processingj. A block diagram of the equipment is given in Fig 1.

The positions within the aircraft for the installation of the vibration monitoring
block were chosen to correspond to those for the installation of strapdown navigation
equipment. This was done to remove any ambiquity in lever arm effects and the effects of
,cifferinr, structural modes.

Installat ion in the Comet was on the starboard side of the cabin floor 3.4 metres
aft of the nominal centre of gravity. In the Sea King the equipment was installed on the
centre line of the rear cabin floor.

Harmronisation of the block (nominal block axes) with respect to aircraft body axes
wAs achieved with uncertainties of 0. 1 decree about the x and y axes and 0.5 degree
ibotut the z axis.

The contributions to the misalionment between true sensor axes and body axes ire
surmar ised in Table 3. Taking Rqc values we have:

x or y axis aecelerometer 0. 53 degree
z axis accelerometer 0.2 deirce
x or y axis gyroscopes 0.58 deqree
z axis gyroscope 0.32 degree.

it is reu-'ornisod that the size, we iht and mechanical ilter-face of the vibration
.-ens r0 ltlck ire not representative of the inertia reference frame of a strapdown
na j,,at ,r aId! Is such the way in whicli structural modes f airframe oscillation are
m!,difird lv inst:il lation of tile equipm]tent will differ. The only attempt meade to
.1leviito t ii s potent ial problem has beon to select a rigid )ortion of aircraft structure
for ii n';t it ion. I n ,ract ice mount inc has been directly Ionto suit rai Is.

"2. P'- Cssin(: of vibration data

A-q ii'vius) v nthored, fo- lae "t dat a hand1ii n: the viln ,lt i on tiara is ]o'urit -

an il' cr( t, produce rpowti spectrail dcnsi t ies of tie i ni dividua Iln1ne s ad crols s

SIC tr I I I I es iI in , t ween tihe channels. 'lli S processing has ben carried out by tlie
ebi' irtr'ent ,,f Y1 itOt it ri t old In;titutc of TecIhnoloyo .

Ir, I , I tIe? lron e,-I, 1,d da taI fro? o fi oe Co.t anId SC,,I Kint I,1 eC tCI- D1 e, I sureLIents

r 1 '- I I I t Id"I it s nt ii dln is'sn d in section 4.
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4 DISCUSSION OF RESULTS

Fig 2 gives an example of the analysis performed on the Comet data obtained with
the aircraft parked. Figs 2.1 and 2.2 correspond to the PSDs of the y gyroscope and
x accelerometer siqnals and Fig 2.3 the coherence analysis between these channels.
Figs 2.4 and 2.5 are the envelope ratio and cumulative power respectively of the y gyro-
scope signal.

Fig 3 illustrates the analysis carried out on measurements made on the Sea King
helicopter. These particular measurement.: were made with the vehicle parked with engines
running and rotors engaged. Figs 3.1 and 3.2 are the PSDs of the y gyroscope and
x accelerometer measurements respectively and Fig 3.3 the coherence analysis between
these channels.

In order to ensure that the spectral data is interpreted in a realistic way it is
necessary to establish what contribution is made by noise introduced by the monitoring
electronics and the recording process. This can be achieved by mounting the vibration
monitoring block on a stable plinth, of the type used for testing inertial grade gyro-
scopes, and carrying out spectral analysis of the recorded gyroscope and accelerometer
outputs. Since there is no real motion of the block the resulting noise spectra can then
simply be subtracted from the spectra obtained from measurements of airframe motion.

This procedure has not yet been carried out and therefure it has not yet been estab-
lished if electronic and recording noise contributes significantly to the results
presented here, particularly in Fig 2 which corresponds to a benign environment. The
brief discussion which follows is therefore subject to this possible limitation.

In Figs 2.1 and 2.2 consider the peak which occurs at I 11z. This may be due to
undercarriage resonance 2 . From Fig 2.3 it can be seen that the motion in the two channels
is both highly correlated and in phase. The low value of the envelope ratio at this fre-
quency suggests that the motion is non-random (small variance) and the change in the
cumulative power between 0.8 and 1.2 Hz indicates that the power present in this peak
(approximately 0.005 (deg/s)2) is extremely small.

A I Hz peak is also found in the Sea King data (Figs 3.1 and 3.2) which is both
highly correlated and in phase. The peaks at 3.4 and 17 Hz correspond to the primary
rotor shaft and primary rotor (five blades) frequencies respectively.

The vibration results from the Comet and Sea King aircraft will be presented in full

and discussed in more detail in an RAE Technical Report to be published in the near future.

5 APPLICATION OF THE VIBRATION SENSOR DATA TO ALIGNMENT SIMULATION

As stated in the introduction, it is required to develop a computer simulation of
aircraft linear and angular vibration for use in the development of strapdown algorithms.
Using the measuring device described in section 2, typical aircraft vibrations have been
recorded and the data analysed to yield power spectra and cross spectra between channels,
as presented in section 3.

Real data could be used for simulation work provided care was exercised in the
interpretation of the vibration sensor outputs but the problems involved with handling the
required volume of data would be considerable. In addition the results of such a simula-
tion would be limited by the accuracy of the sensors used and a knowledge of the time
history of the aircraft's attitude would be required.

The use of a computer model to simulate motion with the correct spectral character-
istics has, however, been adopted since it is considered to be a more flexible approach
fo r the following reasons:

(i) the data handling problems are avoided;
(ii) angular an, linear vibration data can be simulated which corresponds to any vehicle

or environment, real or hypothetical.

In order to remove the necessity to know the time history of the attitude and the
dependence of the simulation performance on the quality of the vibration sensors, ]it is
necessary to first separately compute the gravitation [g B and earth's rate 1IE tB

)signals associated with the alignment. To these are added components representing distur-
bance noise which are formed from the motion simulation programme. The spectral
characteristics associated with these noise components are in turn extracted from the
vibration data presented in section 3. The sum of these signal and noise terms then
constitute the required accelerometer and gyroscope inputs to the alignment simulation.
This technique is now considered in more detail for the gyroscope and accelerometer inputs~in turn .

5.1 Simulated gyroscope inputs

The input signal seen by a triad of strapdown rate measuring gyroscopes is the
angular velocity of the body frame with respect to inertial space in body frame
components I,,TB JB Now

IB [ B + B 1 N B N
BB N -EN N -IE (51)
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where [wN B I is the angular velocity of the body frame with respect to the 2ocalgeographic frame. This represents airframe vibration;

K EN I is the angular velocity of the geographic frame with respect to the earth
- frame. This represents bulk airframe motion with respect to the ground;

[WIE I is the angular velocity of the earth frame with respect to inertial space;
and CB is the transformation matrix between the geographic and body frames.

N
In constructing the inputs to the gyroscope models in the alignment simulation

using Eq. (5-i), it is required to compute separately the gyrocompassing signal (final
term on the right hand side of Eq.(5-l) and to add this to the first two terms of Eq.(5-1)
which are to be generated by the vibration simulation.

If the vibration simulation is set up with unmodified spectral data from actual rate
gyroscope measurements of the vehicle environment, it will generate signals which have the
same spectral characteristics as the measurements themselves, ie corresponding to Eq.(5-l)
plus any rate gyroscope bias. Since the vibration simulation technique generates unbiased
outputs, dc components of the measurement (gyroscope bias and the dc component of the
final term) will be lost. Thus an unmodified simulator output (S u ) would correspond to:

S [NB]B + CN[EN]N + CB 
( ]= LN N EN IL-I ac (5-2)

Since the last term on the right hand side of Eq.(5-2) is to he generated separately
it is ideally re uired to deduce the power spectrum corresponding to this term and to
remove it from the power spectrum of the angular measurement [IB] B -

(Notc that simple subtraction is not appropriate (see Appendix A) since the elements are
correlated through CB and wN -NB'

The resulting power spectrum corresponding to the first two terms in Eq. (5-2) would
be used to prime the vibration simulator which would then generate a modified output (Sm)
where:

Sm  [NB]B + C[EN]N (5-3)

The cyrocorpassing signal C[B ]N in both its dc and ac components could then be

separately computed in the simulation, and added to the modified vibration simulator out-
put Sm . Thus the required inputs to the sensor models (Eq.(5-l)) are generated without
error.

This procedure is, however, rather complex and it is required to establish whether
a simple approximation will yield sufficiently accurate results.

Suppose the vibration simulator is primed with the measured angular velocity power
spectrum, then it will generate an output corresponding to Eq. (5-2). To this output would
be added the separately computed gyrocompassing signal CB[GIE3N in both its ac and dc
components and the resulting signal (SA) used as an approximation to Eq. (5-1). Now

]+CB ]N _ N [ E]ac -

S NB] + CN[WEN] + CNIE](c) + CN[EIE ( B (dc)
B N

which is in error by CN[wIE]Tac) compared with the required signal given by Eq.(5-1). This
aoproach is therefore valid only if the error in approximating Eq. (5-1) ! tz

- B NCNlIEI(ac) max (5-5)

1 l[IiB]B max

is acceptably small.

In order to estimate the magnitude of this error assume that the airframe is
*subjected to both pure linear disturbances along the y axis and angular disturbances

about the x axis which give rise to linear components due to moment arm effects.

Assume that the pure linear motion can be described by

Y = Y0 sin(. Lt)

and the angular motion by

( = 00 sin(wat)

which gives rise to a linear component

y' = ho0 sin(k)a t)

where h is the moment arm.
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In order to simplify the treatment ignore the fact that these motions are uncorre-
lated, assume they are in phase 4nd simply add the effects. From data taken on the Comet,
we may assume that WL= a = 2,, h = 200 cm and apply the constraints:

Y0 + he0  = 0.5 cm

(maximum lateral movement at the mounting point of the sensor pack) and arbitrarily,

Y0  = he 0

Evaluating [w IB I in Eq. (5-5) gives:

W NB - eIwa  = 7.8 10
- 3 

rad/s

OL Oa 5 x 10 - 9 rad/s
-EN R

where R is the radius of the earth and

(_ IE Qcos X = 4.6 x 10
- 5 

rad/s,

which is the horizontal component of earth's rotation rate at a latitude X of 51 degrees.
Hence

[IW I- 7.85 - 10
- 3 

rad/s

In -order to evaluate the maximum value of the numerator in Eq. (5-5) assume that the
vehicle is pointing west and is subjected to the motion described. Then

S W (ac) I N cos X cos 0 - Q sin X sin 0 - il cos X

Since the maximum value of 0 is small (2.5 x 10-3 rad) this approximates to
BI NI

C i = - ssin Xe0  7.06 - I0 -8 rad/s
N -IE (ac) 0

Substituting these values for [w I and C B W N into Eq. (5-5) yields
-lB N -IE

= 9 x 10
- 4 

per cent

which is acceptable for the disturbance motion assumed.

5.2 Simulated accelerometer inputs

The input signal seen by the strapdown accelerometer triad is the specific force in
body axis components [A1 B . Now

[A =1B -R, g I B (5-6)
- [dt 

2
)1

where the first term on the right hand side represents inertial acceleration and the
second represents the mass attraction gravitation vector.S

. d Expressing 2m in terms of a the apparent acceleration due to the earth's
gravitational field, Eq. (5-3) can b; written

[/2B

Using Coriolis' equation it can be shown that inertial acceleration is related to ground-
speed v E by

= (dY] + ILB + _IE
) 

A vE B + 1_wIE A(-IE A B

Therefore Eq.(5-7) becomes
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AIB= [(d-!'E) + [IBI B + I IB] ,I IB+ C1g IN (5-9)

In constructing the inputs to the accelerometer models in the alignment simulation
(Eq.(5-9)) it is required to compute separately the levelling signal (final term) for the
reasons discussed earlier.

In order to synthesise the accelerometer input signals in a realistic way the
following procedure might be adopted.

With the same disturbance motion as was assumed for the treatment of the gyroscope
signals, the cross product term in Eq.(5-9) is small and can be neglected. Separating
the pure linear and moment arm contributions the signal for the y accelerometer can be
written as:

dv
A _ - + -g0 (5-0)
y dt linear x x

Since the second and third terms are correlated and uncorrelated with the first term, the
following procedure is suggested.

The angular velocity (Ox) power spectrum from the x rate gyroscope is converted
into a spectrum of angle (ex ) by dividing the amplitude of each peak by the square of its
centre frequency. This power spectrum is then scaled by multiplying by -g

2
.

Again operate on the x rate gyroscope power spectrum but now generate a power
spectrum of angular acceleration () by multiplying the amplitude of each peak by the
square of its centre frequency. This power spectrum is then scaled by the square of the
assumed moment arm h.

The two power spectra so formed correspond to the spectra of -qo*x and h;! in
Eq. (5-10). These two correlated spectra are then combined (see Appendix A) an the
result subtracted from the power spectrum measured by the y accelerometer to produce the
spectrum corresponding to the uncorrelated motion (first term in Eq. (5-10)). This is
then used to prime the vibration simulator which will yield as its output the accelera-
tion due tc the pure linear motion in the time domain.

The basic structure of the strapdown alignment simulation is illustrated in Fig 4.
The real world model generates the time history of vehicle attitude (equivalent to (x in
Eq.(5-10)). It can also be made to generate the time history ct angular acceleration
(equivalent to dx in Eq.(5-10)). These two parameters can be scaled by -9 and h
respectively and added to the vibrati*. imulator output to yield the input signals to
the accelerometer models, correctly formed with the levelling sional correctly computed.

Once again the procedure is rather complex and it is reguired to establish whether
a simple approximation will be sufficiently accurate.

The simplest procedure is to prime the vibration simulator with the measured linear
accelerometer pow spectra so that it will generate an output Su equivalent to the ac
component of Eq. (5-10), ie

dv
S = -d + hix g'x (5-Il)

dt linear moment ac

arm

for the simple motion being considered. (Accelerometer bias will not be present in the
output since ac coupling of the accelerometer siqnals is adopted and bias is removed in
the vibration simulator.)

To this output would be added the separately computed levelling signal -qix in both
4 its ac and dc components. The resulting signal given by:

dv
S = + hi' q x + I -g x ( (5-121

linear moment acadc
arm

would be used as an approximation to Eq. (5-10) . This approach will only le valid if the
error, given by

g 'x ac
= - I (5-i3)

A

is acceptably small.

Substituting parameters for the assumed motion into Eq. (5-13) for A and agives: y g xc

rI - - -
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dvdt = YOW2 = 9.9 cm/s 2 
= 10 mg ;linear

he = he W2  
= 9.9 cm/s

2 
= 10 mg ;

gox  = 1.2 cm/s
2  

= 1.3 mg

and hence A = 21.3 mg . Also

2
g a = 1.2 cm/s = 1.3 mg

ac

For the assumed motion then an error of

E = 6 per cent

results in the input of the accelerometer models which for the present purposes is
considered to be adequate.

It should be emphasised, however, that if the motion was predominantly angular and
the moment arm small, as miaht be the case for high frequency structural modes of
oscillation, a large error would result from this approximate approach and the more ccm-
plex procedure should therefore be adopted.

6 THE MODELLING AND SIMULATION PROCESS

In section 6.1 a mathematical approach is developed for modelling linear and
angular vibration and in section 6.2 the application of the model to the simulation of
real data is described.

6.1 The mathematics of vibration simulation

Two approaches have been considered for the simulation of vehicle frame vibration.
They are referred to here as the 'Analytic' approach and the 'Empirical' approach.

The 'Analytic' approach involves modelling the dynamics of a particular vehicle by
deriving a set of transfer functions which relate output motions to input disturbance.
These transfer functions would describe the uncoupled and coupled motions between the six
channels (three linear and three angular). The output motions lXI could then be related
to the input disturbances I I ] by the matrix equation:

[X I = T[I 1 (6-1)

where I I I is a 6 - 1 vector representing the disturbances, IX I is a 6 x I vector repres-
enting the output motions and T is a 6 x 6 matrix of transfer functions.

There are two major problems associated with this approach. Firstly it would be
extremely difficult to calculate the 36 transfer functions to any degree of accuracy
except for the most simple of systems. In particular it would be virtually impossible to
account for all the structural modes of oscillation. Additionally it would be potentially
difficult to quantify physical input disturbances in terms of the six input channels. In
the case of an aircraft for example it would not be trivial to model as an input the
effect of a wind gust.

Because of these difficulties, and the relative inflexibility of the 1pproach, it
was decided to employ the so-called 'Empirical' approach. In this case the statistics of
the motion to be simulated are expressed as a set of power spectra and cross spectra.
These spectra are divided into constituent peaks which are quantified by their magnitude,

S4 centre frequency and half power bandwidth. For each of these peaks a transfer function is
derived which operates on white noise input disturbances. These disturbances are genera-
ted with zero mean to ensure that the resulting output motion is unbiassed. The motions
corresponding to each of the peaks in the power and cross spectra are appropriately
scaled, phase shifted and added into the appropriate channels to yield net motion with the
desired spectral characteristics.

The mathematical analysis of this 'Empirical' approach is treated in four stages as
follows.

(i) Initially either linear or anqular motion of the aircraft along or about one of the
-three orthogonal body axes is considered. In addition such motion is assumed to have a

particularly simple power spectral density as illustrated in Fig 5. The required output
from a simulation will result when white noise is passed through a filter with the
appropriate transfer function. The required transfer function is derived in section 6.1.1.

(ii) Algorithms are then derived (in section 6.1.2) whereby the above transfer function
is used together with a white noise input to produce linear (or angular) motion as a
function of time.



24-10

(iii) The motion corresponding to more complex power spectra (as in Fig 6) is then
simulated by combining the outputs of individual simple systems of the type considered
in section 6.1.1. This is discussed in section 6.1.3.

(iv) Finally, the above treatment can be extended to provide simulated motion for
several channels simultaneously. In particular section 6.1.4 shows how correlated motion
between channels may be simulated.

6.1.1 Theory for a simple system

As previously stated, the vibrational motion to be simulated is assumed initially
to have the PSD illustrated in Fig 5. A transfer function H(s) is selected whose modulus
squared approximates to th~s shape. When such a transfer function acts upon appropriately
scaled white noise, the output will represent vibrations with the given PSD.

It is shown in Appendix B that the PSD, SI(w) of an input to a transfer function
H(s) is related to the PSD of the output S e(w) by the expression

SS0 (.) = JH(j.) 12 SI(W) . (6-2)

Thus, if the input is white noise scaled to have a uniform PSD of height I unit 2/Hz then

SI( ) I 1

Eq. (6-2) therefore becomes

S (, = H (j,,,) 12  (6-3)

This relates the magnitude of H(jw) to the PSD of the required output.

The transfer function for an under-damped second order system may be expressed as:

'n
H(s) = 2 n 2 (6-4)

s + 2Ew s +
n n

It is found that IH(jw) 12 corresponds to S(w) as required provided the constants
k, wn and E are related to the parameters i 0 (centre frequency), B (half power bandwidth)
and Ap (maximum power density) as specified in Fig 5 by:

w 0 2 - (- 2 for B 4 small (6-5a)

n w~ 2 4 )

w.E=( (6-5b)

k ( - (I - 2E')
2
)A, (6-5c)

Having specified the appropriate transfer function it is now necessary to derive the

precise equations required to generate the simulated vibrations.

6.1.2 Implementation of the theory

The task of providing the explicit algorithms to generate motion is tackled in two
stages. Firstly the equation relating input to output for a continuous system is
expressed in terms of the transfer function, and then converted into a differential equa-
tion. Secondly, since outputs are required at discrete time intervals, the continuous
equation is converted to a discrete time form from which the required outputs can be
extracted.

If the input to a continuous second order system 1(t) has Fourier transform
* 1(t) 1 and the output 0(t) has Fourier transform .0e(t) then as shown in Appendix B,
these are related by

. I _=(t (j w) n -- (6-6)
.94(t (jw) + 2 E('(j) + W nnn

Cross multiplying, we have

(j,,,)2 + 2E,, (j, )  + "2 f A W, I = W 2 { (t) (6-7)
n | n,.
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This may then be converted to a differential equation by taking the inverse Fourier trans-
form of each side. Thus:

(t 2E, (t) + '2 (t) = V I (t) + const. (6-8)n n n

For purposes of computer simulation it is convenient to express this second order
differential eouation in a single variable as two first order equations in matrix form.
This is accomplished by introducino a second variable

V(t) = e(t)
e is subsequently referred to as output displacement and as output velocity.

Eq. (6-8) may then be written as:

(t) + 2En (t) + 
2 
6(t) = W2/kI(t) + const. (6-10)

Combining Eq.(6-9) and (6-10) into a sinole matrix equation we have

) (_0 + ( )(t) + const. (6-11)
~W -2E.(n  + .n/k

Eq. (6-11) which is applicable to a continuous system is now approximated by a
discrete time equation since outputs are required at discrete time intervals. The form
of the corresponding discrete time equation is

(tn l) = € I 12 (tn + Sll s1 (tn ) (6-12)

(tn+l)/ 21 22/ (tn) s2 1  s22/ n 2 (t)

where 0(tn) and (t n) represent the value of e and i respectively at time tn, nI (tn ) and

n2 (tn) represent input disturbances which occur at t n, and ij and sij are constant
coefficients to be determined.

From Eq.(6-12) it is seen that the output at time t is a linear combination of
the output at time t and the disturbances occurring attn.

The noise inputs nl(tn) and n2(tn) are specified as being white Gaussian random
numbers with zero mean and unity variance. Here the term 'white' implies that the input
disturbances at any time are independent of those of any other time. By imposing the
condition that they are 'Gaussian' implies that they take a range of values each of whose
likelihood is given by a 'normal' or 'Gaussian' distribution. The condition of unity
variance merely acts as an arbitrary scaling factor, the disturbances being rescaled to
the correct values by the choice of sl., ..., s22.

The coefficients ¢II, 12, 21 and ¢22 are determined by solving the continuous
equation (6-11) and then expressing the result in the discrete time matrix form of
Eq. (6-12). Defining

R = ' n (I - E
2

then it can be shown that:

11 = 'nE 12 + expl-E JnT ) cos(wRT)

£12 = - expl-E EnT I sin(w RT)
R n(6-13)

2
=21 = wn¢12

'22 = exp[-E, nTI cos(w RT) - E n 12

where T= t - t n1
-n+1 n'

The coefficients s, R ,; s22 are next determined by imposing the requirements
that the covariances of the outputs of the continuous and discrete cases are equal. This
yields the followino:
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2 3kn 2 22 22 1 4 E ( - 1 -2 L n 2 ) - s
S11 4 E I I - 2) 1

s12 4E (11021 + n12 22)

(6-14)

s21 =0

s2- 4E _ 2 21)

In order to initialise the process, it is necessary to specify the initial values
fr displacement and velocity. Typical values for these may be generated by random
selection from numbers with a Gaussian density distribution. For example the displace-
ment at any time is assumed to have a Gaussian distribution with zero mean and variance, 1. The explicit values of this variance is equal to the area under the PSD curve and
'ay he shown to be equal to 3kc /4E.

n
In particular this is achieved by generating a Gaussian random number with mean

zero, and variance 1, and then multiplying the result by a scaling factor of 3k7n/4E. In
similar fashion the initial velocity can be generated by multiplying another such

';uassiar random number (zero mean, variance 1) by /3k0 /4E.
n

Havino now defined all the constants in Eo. (6-12) and specified the initial
' nditions, successive values of -, and ; may be oenerated for tl, t2' "'..

It should be noted, however, that Eq. (6-12) is an approximation to Eq. (6-11) and
makes the assumption that the motion is linear in each time increment tn to tn+l.
Therefore tq.(6-12) may only be used to qenerate simultaneous outputs at frequencies for
which the period is larqe compared with the time increment.

For example, if it is required to simulate motion up to a frequency of 20 Hz an
iteration rate of say 200 Hz should be chosen. Higher frequencies can be accommodated by
either increasing the iteration rate or adopting a hiqher order of approximate solution
to Eq:. (6-11) than that of Eq. (6-12).

6.1.3 The simulation of more complex power spectra

The results and methods detailed in section 6.1.1 and 6.1.2 are now extended to
simulate disturbances whose power spectra have more complex forms as indicated in Fig 6b.
This is achieved by simply considering the total output as being composed of the sum of
several independent components each correspondinq to a distinct peak in the power
spectrun.

For example the spectrum of Fig 6b is considered to consist of two components as
illustrated in Fiq 6a. Outputs for each of these two simple constituent systems may then
be generated independently as detailed in section 6.1.2 to yield the required result.

Care must be taken, however, to ensure that the noise inputs to the individual
peaks are generated by independent random numbers otherwise the resulting motions would
be correlated and additional ,-on-nts would appear in the power spectrum (see
Appendix A).

6.1.4 Simulatin: 1+1 -hannel systems

4It is now requirea to extend the above techniques to cope with the simulation of
several channels of dis-urhance simultaneously.

If each of the channels vibrates independently of the others, then the task is
simple. In this case each channel may be treated separately and the motion simulated
accordinq to the techniques detailed in sections 6.1.2 and 6.1.3. However, in order to

*ensure that the output motion of each channel is independent of the rest, it must be
ensured that the random input disturbances which drive each channel are also independent.
This entails generating separate and independent random numbers to drive each channel
individually.

* The problem, however, is a little more complex if the channels are coupled. The
method of incorporatina correlated motion in the simulation is introduced here by a
simple two-channel example.

Suppose it is required to simulate the motion of a system with two channels, A and
3 which are coupled to some deqree. Each channel consists of two components, one
representing the independent or uncorrelated motion, and the other a component common
between channels.

Thus the output of channel A is:! ,J



' 24- i 3

a(t) = a1(t) + (c(t) 1
and the output of channel B is: • (6-15)

b(t) b I  t) + i~c(t - :

Here al(t) and bl(t) represent the independent components of motion and c(t) the
common component. This common component is scaled by 1 and . bcforte adding to the
channels A and B respectively and a time lag r or relative phase arirle intr','uced. If
al(t), bl(t) and c(t) are aenerated independently it is found (see Appendix A) that the
averaged power spectra of the output of each channel is related to the power spectra of
the constituent parts by the relationships:

SA() = SAI(w) + 2SC(w)

and ('6

S BM = SBI (w) + 2ScM

In addition the cross spectrum between the channels is given by

SAB (W) = xlsc( M (6-17)

(Note: in the above it is assumed that averaged expressions are used to give meaningful

values.)

For convenience A and p may be chosen so that 1 . = 1. Then Eq. (6-17) becomes

S AB(M = SC ()

To summarise, by defining power spectra SAI, SBI and SC, generatiig outputs from

each and combining according to Eq. (6-15) the result will be equivalent to two channels
whose PSDs are SAI + 2SC and SBI + (1/%)2SC, and whose cross spectrum is S(C.

The relative phase angle will be expressed by the tiiie lao i of Eq. (6-15) and P'y
be chosen independently for each peak of the power spectra. In this way it is possible
to simulate the motion of two channels where the power spectra of the uncorrelated
motion, and the cross spectra are given. It should also be noted that the choice of
may be made from a range of possible values and indeed may be chosen independently for
each peak frequency.

Therefore, the outputs in this simple case are regarced as being caused by three
types of disturbance, one of which causes correlated motion, and others causing indepen-
dent motion in each channel.

For a system with many channels, however, any particular type of disturbance may
exercise certain combinations of channels. Also, associated with the resulting output
for that particular disturbance will be relative phase relationships between those
channels. It is therefore possible to build up a total output from each channel by
adding together appropriate components which are either correlated with other channels
or are independent.

Consider for example a four-channel system with channels A, B, C and D. Suppose a
given input disturbance exercises channels A, B and D. Then such a component of motion
may be generated, scaled for each of the three channels, and added to the uncorrelated
components of motion of those channels incorporating any specified phase relationships.

To summarise, o method has been outlined whereby the motion of a multichannelsystem can be synthesised by adding together components as desired. The reverse process

is, however, more difficult, :. it is more difficult to derive the parameters of the
individual components from data specifying the total outputs.

6.2 Application of the model to the simulation of real data

Using the model it is possible to reproduce motion which has the same spectral
characteristics as real data. However, the available power spectra and cross spectra
will never provide a complete specification of the actual motion except in the most
trivial of cases. It is shown below that for a given set of spectra there is a range of
possible input parameters to the simulition which yield different types of motion, but

-,I whose power and cross spectra are equivalent.

At best a full set of power and cross spectra between all of the six channels
(linear and angular) will be available. However, this may not always be the case,
particularly in view of the current lack of published angular data. This further com-
pounds the problem of priming the simulation to yield the most realistic output.

Consider, for example, the simple two-channel example discussed in section 6.1.4.
The only spectral data available is

SA , SB and SC



24-14

In this case the correlated motion scaling factor, A, may take any positive value
provided SAI and SB1 of Eq. (6-16) remain positive. In addition associated with the

available spectra SA' SB and SC there are likely to be a number of peaks and it is

feasible that X may be different for each.

It therefore becomes apparent that whilst it is possible to reproduce motion which
has given statistical properties (specified by power spectra and cross spectra) there is
considerable latitude in choosing the necessary parameters to prime the simulation. It
is possible that the accuracy of this fine detail may be unimportant in certain applica-
tions, however, if this is not so the mechanics of the particular system must be studied
in order to gain insight into the correlation mechanisms.

Before considering the task of reproducing six-channel motion, it is instructive

to first confine our attention to the simpler two-channel case.

6.2.1 Reproducing specified two-channel motion

It is first required to simulate motion in two channels, A and B, which have
associated power spectra SA and SB and cross spectrum Sc as illustrated in Fig 7. The
first task in determining the input parameters for the simulation is to identify the
principal frequencies of these spectra. It is seen that the spectra given by Fig 7
exhibit only one peak with centre frequency 40and that the cross spectrum is identically
zero. The motion in channels A and B is therefore uncorrelated. In this case the
programme is primed with two independent peaks which happen to have the same frequency
and half power bandwidth but different magnitudes A A and AB .

Next let it be assumed that the cross spectrum is given by SC2. Since the maximum
magnitude of the peaks of the power spectra are AA and AB, and the maximum magnitude of
the cross spectrum is the geometric mean of these, it can easily be shown by recourse to
fundamental definitions that in this case the two channels are entirely correlated. In
this case the coherence between the channels is unity. Therefore the motion of this
system may be simulated using motion appropriately scaled, from a single source. The
relative phase angle between channels is derived from the real and imaginary parts of the
cross spectrum thus:

imaginary part of cross spectrum
tan 0 = real part of cross spectrum

In both of the examples so far, no correlation and total correlation, there has been no
ambiguity in deriving the simulation parameters. However this is not the case in the
third example.

Suppose that the magnitude of the cross spectrum is SC3 as in Fig 7. Here correla-
tion is partial and three independent sources of motion must be used to form the result-
ing output motion for the two channels. Labelling these sources as a 1 (t), b I(t) and c(t)
then the output motion of channel A is given by

a(t) aa1 (t) 4 \c(t)

and for channel B is

b(t) = b (t) + I'c(t + T)

Here a (t), b1 (t) and c(t) are constrained to have unity maximum height power spectra,
a, P, A and u are scaling factors, and

T determines the relative phase angle between the channels and cross spectra.

It can be shown that the heights of the power and cross spectra are:

2 + 2 = AA

S2 + 2 =AB

and

X AC
where -,, 0, A and 0 are real.

Since there are only three constraints for the four unknowns, recourse to the
dynamics of the system must be taken to provide the most realistic solution.

Finally, if peaks at several frequencies appear in the spectra whose motion is to

be simulated, then a similar procedure to the above must be adopted for each peak.

6.2.2 Extension of the approach to six channels

The case of simulating motion in six channels is analogous to the simpler two-
channel case above. Firstly the power spectra for the six channels are decomposed into
their constituent peaks with specified centre frequencies, heights, and half-power band-
widths. The following procedure is then adopted for each peak in all six channels.

A peak is selected in the spectrum of channel I say, at a centre frequency *0, and
the spectra of the remaininq channels inspected for peaks at the same frequency. If none



exist then this peak corresponds to uncorrelated motion and corresponding motion can be
simulated in a straightforward manner. If, however, peaks do occur in the other channels
at this centre frequency ,0, then the degree of correlation must be established by
inspection of the appropriate cross spectrum. If the correlation is found t be zero
then these peaks can be treated independently for each channel. Alternative , if the
correlation is found to be total, then the motion corresponding to those peaks can be
simulated from a single source with appropriate scaling and relative phase angle. If,
however, the correlation is partial then the following procedure may be adopted.

Consider each of the six channels to have an uncorrelated component of motion
aifi(t) (i 1, ... , 6), and a component cgi(t + i

) 
correlated with other channels. As

before fi(t) and qi(t) are constrained to ave unity height power spectra. 
T
i

(i = 1, .... 6) denotes the relative phase angle of each channel with respect to channel
I where T, is assumed zero. In addition let A i represent the maximum values of the oiven
spectra at the given centre frequency, and A i , the value of the maximum modulus of the
cross spectrum between channels i and j. As in the two-channel case, a i and c i must be
chosen for i = i, ... , 6 in order that the resulting motion has the correct power spectra.
Hence the following must hold:

2 c2
a. + c2 = A. for i=l...,6 (6-21)

1 1 1

cc = A for i=l,...,6; j=l,...,6 (6-22)

where the a. and c. are real.
1 1

The values for a i and ci may then be chosen at wil- subject to these constraints.
Once again recourse to the dynamics of the particular system must be taken to provide the
most realistic result. As before the relative phase angles between channels are deter-
mined via the cross spectra in the usual manner (see Appendix A). if it is found,
however, that the phase angles between the channels are not consistent with each other,
then this may indicate that a more complicated set of independent input disturbances is
operative. For example, one may envisage the case where correlated motion may exist
between channels 1 and 2 and also between 3 and 4 but not between I and 3. In this case
separate independent disturbances would be giving rise to the two sets of correlated
motion.

7 FUTURE WORK

On the basis of the work carried out so far on airframe vibration measurements and
simulation, several major areas warrant further investigation.

(i) In the near future it is intended to carry out vibration measurements in the BAe
Buccaneer aircraft which will be used to extend the range of dynamic environment For
strapdown inertial naviuiation system evaluation.

(ii) An investigation will be carried out to establish whether noise generated by the
monitoring electronics ano recording process contributes significantly to the spectral
results obtained from aircraft measurements.

(iii) The effect of incorporating more realistic transfer functions to synthesise
particular power spectra will be investigated.

(iv) In section 5 it was suggested that under certain circumstances care must be exer-
cised in interpreting vibration data, when attempting to generate inputs t a strapdown
alignment simulation. Techniques for treating the vibration data will be examined in
detail in an attempt to produce realistic simulation conditions.

(7) The -ibration simulator will be added to an existing strapdown alignment simulation

(Fig; 4) which will be used for algorithm development to minimise reaction time in the
presence of inertial sensor noise, .: laser gyroscope random walk, and airframe
disturbances.

(vi) The motion simulation technique, discussed here in the context of a parked aircraft,
will be extended to cope with in-flight conditions by combinina it with a flight profile
generator.
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'Table I

Linear accelerometer parameters

Recuirement Sundstrand QA1200

Dynamic range (q) ±6 t20

Freouency bandwidth (Hz) 300 >800

Scale factor uncertainty (ppm) 104 120

Axis uncertainty (arc min) i0 7

Threshold sensitivity (g) 10
- 3  

10-6

Table 2

Rotation sensor parameters

Require- Systron Schaevitz Honeywell Northrop BAe DartR e q u r e D o n n e r

mont 4591 ASM [ GGIII1 GIG6 RG408

Approximate

cost for minimum £6000 £1350 £4000 £6000 £3500

three axes
(at time)

,Maximum
anqular 100is > 100° /s 1000/s 1 00/s
ve loci ty

Maximum 4o 2 2

anoular 600',s '04 ,s -q 1 04 s

acceleration

Bandwidth 300 Hz 150 Hz 130 Hz 60 Hz 60 Hz 100 Hz

Threshold ,s 0.01/h 0.01
0

/h -0.01°/s

sensitivity 0.05°/s2 0. 2 0 s2
0.05/s 010's 0.90/s

Axis I0 minutes 60 minutes 60 minutes 3 minutes 3 minutes 12 minutes

uncertainty of arc of arc of arc cf arc of arc of arc

Scale factor 1000 ppm 1000 ppm 1000 ppm <1000 ppm 1000 ppm 1000 rpmZ

uncertainty

I

I

Table 3

SUMMARY O" SENSOR MISALIGNMENTS

Mi salinment Body axis

(declrees) xx z

Body/n(,minal block 0.1 0.1 0.5

Nominal hbo-k, true lc>ck 0.02 0.02 0.02

True block/truo oyro 0. 2 0. 2 0.2

T ru e h 1(Ic ,-t rue ' OC e 1 0 . 1 0 . 1 1 0 -I

4 ~
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Taule 4 Table 5

Comet profil s Sea King profiles

IKrked. engines off, liqht breeze Parked, engines off, personnel movement

Ikl d, i r, qles rnning Parked, engines on

Accov!ur.t.n0 to take-off Parked, engines on, rotors engaged

11MI, ut Low level manoeuvring flight

Str.iqiht anc, level cruise 40 knot cruise

Hover

REFFRENCE'S

J.5. Rendat and A.C. Piersol, Randor' data: analysis and reasurement procedures.
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June 196;, AV Technical Report 67132
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rms Value = 1.087 v-01 units
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10 . . . .-
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Trk I X-accn Trk 11 Y-gyro

Rel Trk 1 X-accn
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TTrk 11 Y-gyro Trk 11 Y-gyro

t 2

I'tildwidth 0 .20 It/ Itndwid :1 0. 0 I

'{ " K ll im ' 117 ()1 RI::1 Itlmv = 1 7!
rm, V~ .I I1 . I .- i ) 0 '- I Ull0 S il it lt" I . -(12 unit,
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0 frequency

<V asFig 5 Power spectral dnsity plot of a simple
-n system

centre frequency

A maximum amplitude /bandwidth
I p

B halt power bandwidth (range of
-' frequencies over which power is

W)'0k I ) ! greater than half the maximum)
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power spectra combine to give a
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Appendix A

MATHEMATICAL CONCEPTS USED

A.1 The power spectral iensity of vibrations

The power spectrum of a mode of oscillation of a vibrating system is defined as a
plot of the mean square amplitude, per unit bandwidth, against frequency.

Thus the area under the spectrum between two frequencies w and Aw represents the
amount of power present in that frequency range.

This may be quantified mathematically as follows.

Suppose the displacement of a system at any time t is given by the continuous
function x(t). If the Fourier transform at a frequency of this signal is taken over a
time interval 0 to T we have

T

(x(t)} f x(t)e- Jtdt (A-1)

0

The result of this is a complex valued function which may be written as

I {x(t)} = F(w)eje(w). F(w) is interpreted as a measure of the 'amount' of signal
pIesent at a frequency w, and 8(w) as the phase angle of that part of the signal. From
this the power spectral density function is defined as

s () x x(t) x (t) I x (t) 2  
(A-2)

where * denotes the complex conjugate.

This is another way of expressing the amount of signal present at a frequency W.
The value T is introduced to normalise this measure so that an indication of the energy
present at that frequency per unit time results.

It should be noted that large fluctuations in the value of the power spectrum can
occur from trial to trial when data which is essentially random is analysed. In these
cases the spectrum may be averaged over many trials to improve accuracy.

It is shown in Ref I that the normalised standard error over q trials is /-/7q.
Thus 100 trials are required for a 10 per cent standard error, and 10000 for a I per cent
standard error, etc.

The units of the power spectrum are amplitude 2/Hz, and it may be further shown that
the area under the power spectrum curve is equal to the variance of the displacement,
since the mean value is zero, ic

S(Adw = E(x(t) 2 ) (A-3)
• " 0

where E denotes expected or mean value.

The above definition, however, applies strictly speaking to functions continuous in
the time domain. In this work, however, it is required to form an estimate of the power
spectrum of discretely sampled motion. If x(tn) for n = 0,1,...,m represents the series
of sajn-led data, then it can be shown that1 , for positive frequencies, estimates of the

4 power spectrum of x(t) evaluated at wk are given by:

2AjWt m jt

T X(tn )e X(tn )e (A-4)

where ,.t is the time interval between samples,

T is the duration of the trial where T = mAt, and
Ik is an angular frequency from the set (0, I/T, 2/T, .... 1/2, ... .

Once again accuracy in the estimate of the PSD may be improved by averaqing results
over many trials.

it should finally be noted that care should be taken in choosing the length of the
trial T. This affects the resolution or bandwidth of the filter (e:pression (A-4)) which
is used to evaluate the amount of signal present about a particular frequency. A full
treatment of this issue is given in Ref 1. However, for the filter specified by
expression (A-4) a bandwidth of about 2/T Hz may serve as a guide to its use. Therefore,
when using the above procedure of averaqing results over many trials, the duration of
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each trial T must be chosen so that 2/T, the bandwidth of the filter, is small when
compared with the likely half power bandwidth of any peak of interest.

A mathematical concept also used in the presentation of vibration data and closely
related to the power spectrum is the cumulative power function. This is defined at a
frequency w, as the running integral of a PSD from zero to wl, thus:

U)

It follows that, since a PSD always takes non-negative values, the cumulative power
is an increasing function. The use of this variable is illustrated in section 4.

A second function closely related to the power spectrum is the envelope ratio. This
is defined at a given frequency to be the ratio of peak to rms V.'es for a set of power
spectra evaluated for a set of trials. It indicates the degree f randomness of the
signal at each frequency. Again the use of this variable is illustrated in section 4.

A.2 The cross spectral density

This relates the degree to which two vibrations are linked at any qiven frequency.

If the two sets of vibrations are represented by the continuous functions x(t) and
y(t) with Fourier transforms O {x(t)} and f {y(t) 1, then the cross spectral density is
defined as W

SX (W) = P ( x ((t) I {y(t). (A-5)xy T w a

Sxy(a) is in general a complex valued function and may be represented by

Sx (w) = 1 G2 Mej (A-6)
xy T

where G(M) is a measure of the component which is common to both vibrations and the
relative phase angle.

Once again the value of the cross spectral density must be averaged to obtain a
meaningful result. In so doing the uncorrelated motion is averaged to zero. This is
easily seen since uncorrelated motion has a relative phase angle which changes randomxy
with time. It is these random fluctuations which cause the average for the uncorrelated
motion to tend to zero. Whilst the actual phase angle of the correlated motion may also
vary randomly, the relative value between channels will be fixed and consequently the
result will not average zero.

In an analogous fashion to the definition to the power spectrum considered above, a
corresponding set of discrete time equations may be formed for the application of the
cross spectral density concept to discrete time series.

A.3 The coherence function

The coherence function ny (A) at a frequency , relates the crcss spectrum between
two channels X and Y to their pwer spectra by the expression

S (w) S )
= xy xy (A-7)

xy S ((')
Sx y

Thus it expresses the ratio of the square of the magnitude of the cross spectrum to
the product of the individual spectra of the two channels. The cohere-ce function is
fur ther seen to take values in the range 0 to I , zero being taken when the two channels
are uncorrelated, and unity when they are totally correlated.

The data presented in this paper on correlated motion is expressed in terms of this
variable rather than the maqnitude of the cross spectrum itself.

however, given the power spectra and the coherence function the magnitude of the

c-ross spectrum may be obtained from the relationship:

,xy J.xy (")SxS y (A-8)

A.4 The frequency response function

The modulus of the frequency response function (PRF), referred to in the analysis
of correlated motion is defined as
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= cross spectrul(FRFN = PSD of reference channel (A9)

For exanple, if analysis is performed for channel Y relative to channel X, then

IFRFI s . (A-10)Sx

This parameter, though generated in the data analysis and shown in Figs 2 and 3,
is not employed in the vibration simulator reported here.

A.5 The combination of power spectra

Two signals a(t) and b(t) with corresponding power spectra SA and SB are to be
combined and it is required to calculate the resulting power spectrum SA+B of the
resulting signal.

By definition:

-I {a(t) } Y {a(t) }sA
and J (A-11)

B 1 ; b(t) I 3b (bt) IS B  W=

Then

_ f a(t) + b(t) I (*Ia(t) + b(t) ISA+ B  T LO

= ! F{ait) I *{a(t) + .Ib (t)) *{b(t) I
T WLW W

+ a (t) I (*b(t) I + f{b(t) l f*{a(t)
a W

therefore SA+B = SA + SB + SAB + S BA (A-12)

If the power spectra SA and SB are correlated in general all of the terms in
Eq. (A-12) will be non-zero.

For uncorrelated spectra, however, SAB = SBA = 0 and Eq. (A-12) reduces to

(A-13)
SA+B = A + B

I



Appendix B

DERIVATION OF EQUATION (6-2)

In this Appendix Eq. (6-2) is derived, ', the relationship between the power spec-
trum of the output S( 5 ) and the input SI(w) of a filter with transfer function H(s).

Let the input and output functions be 1(t) and e(t) respectively.

The Laplace transform v s{ } of the input function is defined as

s{I(t)) = f I(t)e-Stdt (B-I)

0

where s = a + jw.

For a sampling interval from 0 to r we can write:

T

es{ I (t) = ] i (t)e-(a4J )tdt (B-2)

0
or

I(t)e-(a+Jw)tdt (B-3)

By definition the Fourier transform of the input function . (I (t) ) is given by

{I(t)) } = i(t)e J dt ( -

hence

" { I (t) = .9 I (t)l (B-5)

when a the real part of the complex frequency is zero.

Now the input and output Laplace transforms are related by the expression

6(sf0(t) } = H (s) s-( (t) (B--6)
5 5

For a sampling interval from 0 to T and for a 0 we have

(I {6(t) = (j.') . {I(t) . (B-7)

Taking complex conjugates gives

(t) = lf*(j.) .9*(I(t) I (B-8)

Multiplyinq Eq. (B-7) by (B-8) and dividin,, by T qives:

S.9 ' (t) .9. , .(t). H(j ) 2 . { (t) I .#. (I(t)

or

S (w) H(j) 2 S (B-9)

which is the required) result.

I
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Appendix C

SIMULATION SOFTWARE

C.1 Software description

The algorithms described in section 6 have been implemented in FORTRAN IV on a
Prime 750 computer. The main program, 'BMS', generates output motion in six channels
with specified spectral characteristics. The units of the output motion are mean square
linear acceleration/Hz and mean square angular velocity/Hz for the three linear
accelerometer and rate gyroscope channels respectively.

The program incorporates an optional test facility, described later in this
Appendix, which enables the fllowing parameters to be calculated:

(i the time averaged output for each channel;

(ii) the standard deviation of the output for each channel;

(iii) the moduli of the power spectra of the channel outputs and cross spectra between
the channel outputs. The program is currently restricted to a maximum of
20 frequencies for these parameters;

(iv) the phase angles of the output motions at up to 20 frequencies.

A separate program (not presented here) is used to average these results over many
trials of the program to ensure statistical validity.

The basic structure of the 'BMS' program is illustrated in Fig 8. The important
aspects of the program operation are described below.

Block (a)

Input data is fed in both directly by the operator and also via an input file. The
input data required directly consists of:

(il input file name;
(ii) run duration in minutes;
(iii) required iteration rate (maximum 200 Hz); and
(iv) whether the program test option is required.

If the test option is required the following additional information is required:

(a) the number of frequencies for which power spectra, cross spectra and phase
angle calculations are to performed; and

(b) the output file name.

The input data file referred to above contains the following information:

i) the number of peaks to be simulated;
(ii) their centre frequency in Hz;
(iii) their half power bandwidths in Hz; and
(iv) the scale factors and phase angles (in degrees relative to channel I for

the motions corresponding to each peak.

Block (b)

Initial calculations are performed for each peak in order to evaluate:

i the normalised initial output position and velocity. (The peaks are then
appropriately scaled and phased before adding in to each channel)

(ii) the transfer function; and

(iii) the transition and scaling matrices ; and S (see section 6.1.2).

Block (c)

Random input disturbances are generated and Eq. (6-12) is iteratively updated. As
a result successive values of output velocity and acceleration are obtained which are
scaled, phased and added into a 12 - 800 element array whose columns represent the
velocity and acceleration of each of the six channels at successive points in time. A

and accelerat ions, appropriate to each peak, are added into each channel. The pointers

are incremented each iteration until their values reach 800 when they are reset to zero.
In this way the matrix cyclically stores the net motion of the system as it is built up
from each peak over 4 seconds.

After every 200 iterations, a block of 200 columns of the matrix representino the
system motion over I se-,- nd ,f simulated tire is -itpit. These elements ,f the iiarv are
then set to zero ready to accumulate a new set of values. It can be shown from the above
that the prqram can accommodate a maximum relative phase angle with reapect to channel I
which is equivalent to a 1.5 second time delay.



Block (d)

If the program test option is required, running totals of certain parameters are
updated after every second of elapsed iteration time. The final values of these para-
meters are then used, on termination of the main program, to evaluate the required power
spectra, cross spectra, and phase angles according to the algorithms described in
Appendix A.

C.2 Verification of the simulation program

In order to verify that the simulated motion has the same spectral characteristics
as the data used to set up the model, three simple procedures have been adopted.

i) The time history of the simulated motion is observed and the centre frequencies of
the principal spectral components deduced.

(ii) The simulation program is made to estimate the mean values of the simulated motion
which should approximate closely to zero. In addition the variances of the simulated
displacements and velocities are determined. These can be shown to satisfy the
relationships:

3kw n
E(x(t/J = 4E CC-I)

and 3kw
3

4E (C-2)

The ratio of these two quantities is used to verify w nn

Having estimated w0 (in (i) above) and wn' Eqs. (6-5) are used to estimate B, C and
Ap (using also Eq. (C-i) or Eq. (C-2) above).

Thus relevant parameters can be checked for each spectral peak produced. The
procedure, however, becomes unmanagable when numerous peaks are present in the spectra.
In this case the third approach is adopted.

(iii) The simulated motion is Fourier analysed and power and cross spectra generated for
comparison with the real data. It must be stressed that it is essential to generate
these spectra averaged over many trials in order to obtain statistically valid results.
An application of this approach is described below.

C.3 Application of the program to the simulation of Comet data

Two simple examples of the application of the simulation to the environment of the
parked Comet aircraft are presented as follows.

() The motion corresponding to two peaks in the x accelerometer power spectrum
(Fig 2.2) have been simulated. The characteristics of the two peaks in quastion are:

(a) centre frequency 2.45 Hz, 0.1 Hz half-power bandwidth, and maximum
heiqht ]0

-6 
g
2
/Hz

(b) centre frequency 3.055 Hz, 0.2 Hz half-power bandwidth, and maximum
heiqht 2 10-7 g

2
/Hz.

The simulation results have been averaged over 100 trials to yield a normalised
standaid error of 10 per cent in the resulting power spectra. In addition each trial
represents 60 seconds of simulated motion. This duration is chosen to ensure adequate
resolution of the digital filter used to estimate the spectrum (see Apnendix A). The
averaged power spectrum of the simulated motion is presented in Fig 9. It is seen
that the above oarameters are simulated correctly.

(2) In the second example the 2.45 Hz peak mentioned above has been simulated in the
x accelerometer and the y gyroscope channels according to the spectra and coherence
between channels as detailed in Fig 2. Thus the maximum height of the x accelerometer
and y g oscope spectra are seen to be 10

-
6 g

2
/Hz and 3.5 10-4

0
/s

2
/Hz respectively.

Sinco the coherence is 0.7 then correlation is not total and three independent sources
f(t), g(t) and c(t) are used to construct the simulated motion. Each of these components
has centre frequency 2.45 Hz, half-power bandwidth 0.] Hz, and unity maximum height in
its associated power spectrum. The x accelerometer motion is then formed as
al(t) + ic(t), and the y goroscope motion as a2g(t) + b 2c(t).

By employinj the techniques detailed in section 6.2.2, one possible set of values
for the constants all b1 , a 2 and b2 are chosen as:

a I 4.36 , 10
-  a 2 = 9.0 10

- 4

-3 -2
a 3 6.87 10 3 4  = 1.74 - 10

Empluyin'; these pa rameters, the value for t he coherence between the channels for
th( simullted m tion Is found 'o be 0.693 which is in good ,tire ment with Fig 2.3.

L AL , - - - "_ -
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aircraft, mainly because of the tilt of the platform due to the Schuler motion. The errors can be quite
large: values of up to 0.5 m/s have been found during the tests, which would result in errors of up to
50 m for the maximum integration times of 100 s. These are corrected by subtracting from all values of
VNS and VEW the velocity recorded during standstill immediately before a take-off or immediately after a
landing. The automatic integration is based on these corrected values of the measured velocities. The
detection of the periods of standstill and the determination of the values of the speed corrections are
done automatically.

For the exact determination of the speed correction three problems are of importance:
- The rate-of-change of the velocity error may reach values of 7x10

- 
m/s

2
, which could cause errors of

3.5 m in an integration over 100 seconds.
- In the Litton system the speeds are presented in discrete steps of about 0.04 m/s, so that for the long

integration times of 100 a an error of 4 m in the distance could result.
- If the aircraft does not come to a complete standstill, the programme may not find a value of the veloc-

ity at standstill and will then rroduce no trajectory at all or, if the aircraft velocity stabilizes at
a constant low value for a few seconds, it may use that value and produce a completely wrong trajectory.

These points are checked in the second, interactive stage of the computation (see section 4.4).

Using the automatically corrected values of the horizontal velocities, the automatic programme then
calculates the average direction of motion of the aircraft during the ground run. The corrected horizontal
velocities are then transformed to velocities along that direction and perpendicular to it, and these are
integrated to give the distances along the runway and perpendicular to it. During the manual second stage
of the computation the calculated average direction of motion is checked against the geographical direc-
tion of the runway.

4.3.2 Height

The basic problem with height measurement using an inertial system is that the vertical kinematic
velocity of the aircraft must be determined from a very small difference between two large quantities: the
measured vertical acceleration and the acceleration of gravity. In order to achieve (he required accuracy
over a long integration period (100 seconds), this difference must be determined to an accuracy of the
order of 3x10-

5 
m/s

2 
(3x10

-6 
g). Such an accuracy is difficult to achieve: it is better than can be

expected from the specification of the accelerometer and may in many cases be better than the accuracy
with which the local acceleration of gravity can be obtained.

In the STALINS method a different approach is therefore used. The value of "zero vertical kinematic
velocity" is determined separately during each ground run. On a completely horizontal runway this can be
done by averaging the measured vertical acceleration over the longest possible period during which the
aircraft is on the ground and the lift is small, i.e. during standstill and the ground run until pitch up.
For the Litton system this is done as follows: the vertical velocity output (IVA = integral of vertical
acceleration) is integrated over the above-mentioned part of the ground run and then the best quadratic
curve is fitted through the data points by a least-squares method. If this parabola is subtracted from the
integral of IVA for the ground run, the result will be that the calculated height during the ground
becomes zero on the average. The same co'rection is applied during the airborne part of the trajectory.

If the runway is not completely horizontal, a correction is applied during the automatic processing,
using a height profile of the runway that must have been stored in the computer beforehand. In order to be
able to apply that correction, the position of the aircraft along the runway must be known. This is not
given by the calculation described in section 4.3.1, which gives only the relative distance from the point
of standstill. The relation between the runway co-ordinate and the relative distance obtained by integra-
tion is established by recording on-board the aircraft the time at which the aircraft passes a fixed point
on the runway. This is done by the RASP system developed by the NLR, which radiographically defines a
plane surface perdendicular to the runway centre line. The moment at which the aircraft passes this plane,
produced by an '.ntenna on the ground, is recorded in the aircraft. A description of an older version of
the RASP system is given in reference 4; the present RASP system uses the same principle but has appre-Li ciably smaller ground antennas.

Before the height integration process is started, a Coriolis correction must be applied to IVA.

4.4 Calculation - manual interactive stage

4.4.1 Basic principle

It has been found that the automatic data processing described above gives reasonably good resalts in
a majority of cases. It has been found, however, that considerable improvement of the results can be
achieved if further checks are done and corrections are applied. These have not been incorporated in the
first stage of the calculation because they would increase the complexity of the programme very much and/or
because a qualified human operator can reach the, often complex, decisions much more quickly. It does
introduce a more or less arbitrary element in the otherwise automatic processing, but it is possible to
give specific rules to the operator for those cases which have been encountered before. In case of unknown
errors, it is of great advantage to have a human operator in the line. In the computer programmemeasures
have been taken to make all necessary information readily available to the operator at a computer termiral,
and to make it possible for the operator to intervene and introduce new values at all necessary points in
the computation.

The final rules for this manual stage have not yet been established completely, ane they may have to
be adapted as further experience accumulates. Below only the main correction procedures are discussed.
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4.4.2 Horizontal distances

The main checks on the horizontal distances are derived from:
- A comparison of the calculated "runway direction" with the actual runway direction,
- "Schuler curves" which are obtained by plotting the velocity values measured during standstill for the
whole flight (see figures I and 2),

- A comparison between the distance between two RASP antennas as calculated by the programme with the
actual distance between these two antennas. For this purpose a second RASP antenna must be used, in
addition to the one mentioned in section 4.3.2.

For the measurement of the distance along the runway the comparison between the runway directions is
relatively unimportant, as the effect of a small error in the angle is small. It may, however, give an
indication that the computer has chosen a wrong fit interval (which is also used in the height calcula-
tion). In the rare cases where distances perpendicular to the runway must be determined, it is a very
important check. Moreover, it provides a check on possible drift in the North direction of the platform.

The main check on the distance along the runway is the comparison of the RASP distance. The tests
have shown that the calculated RASP positions are accurate to about ± 0.5 m if the aircraft is on or near
the ground when it passes the antenna. In order to obtain the highest possible accuracy from this check,
the antennas should be as far apart as possible.

If a difference between calculated and actual RASP distance occurs, it will usually be due to the
error sources mentioned in section 4.3.1. The first error type listed there will cause a velocity error
that changes at about a constant rate (acceleration error), the other two will cause a constant velocity
error. With a single pair of RASPs it cannot be determined which type of error occurs. The acceleration
error can be determined from the "Schuler curves" mentioned above. The "Schuler curves" for the Brgtigny
tests are shown in figures 1 and 2. It will be seen that the curve does not show the smooth shape
obtained during bench tests and has a rather large amplitude. This is partly due to the quantization error
(± 0.4 m/s) of the individual velocity values, but also to the effect of aircraft manoeuvres during the
tests. As the acceleration is relatively small (order of 7x10- 4 m/s maximum), the correction is only
significant during long measuring runs and even there only in those parts of the Schuler curve where high
rates of change occur.

If the acceleration error has been corrected or is insignificant, the remaining difference in the
comparison must be due to a constant-velocity error or to the inaccuracy (± 0.5 m) of the RASP measure-
ments themselves.

4.4.2 Height measurement

The main checks on the height measurement are derived from:
- A comparison between successive values of the calculated "acceleration of gravity", i.e. the coefficients
of the square term of the fitted parabola.

- A comparison between the calculated height and the height according to a radio altimeter which is used
as part of the standard STALINS equipment.

The analysis has shown that in the majority of cases the automatic processing of the data provides a
height error which is well within the requirements of section 2. It also shows that the calculated accel-
eration of gravity is very sensitive to imperfections in the calculated hpights. A graph of the successive
values of the acceleration of gravity will, therefore, indicate errors, e.g. caused by spurious pulses
during the ground run (where they most affect accuracy) or by incorrect choice of the fit interval by the
computer.

When it was decided to use a radio altimeter for an overall check on the height measurement, it was
thought that this would provide a very firm basis of comparison, and that a mathematical procedure could
be developed to automatically determine the most probable height profile. To a certain extent this expec-
tation was not fulfilled, because the radio altimeter showed a number of errors which make its interpreta-
tion difficult:
- Before and behind the runway it follows the ground profile, which is usually not flat and may be differ-

ent for successive runs of similar nature because of small differences in ground track.
- This problem is aggravated by the fact that different surfaces (e.g. concrete and grass) have a signif-

icant effect on the calibration of the radio altimeter.
- When the roll angle of the aircraft differs significantly from zero, the radio altimeter does not give

the height above the ground because of the limited width of the antenna cone. This may again be aggra-
vattl by changes from concrete to grass. Similar errors occur when the pitch angle changes.

- The radio altimeter used showed brief periods in which is went into "memory" and brief spikes. These
complicate automatic processing, but are reasonably simply recognized by a human observer.

- The calibration near the ground up to a few metres is nonlinear and is sensitive to pitch effects. This
is being investigated in more detail.

These effects cause problems in an automatic data processing, but can be well understood by a hump
operator, especially if he handles a series of similar runs. When used in this way, the radio altimeter
can provide a very useful check on the height calculation.

5 DISCUSSION OF THE RESULTS

5.? Horizontal distances

For the tests at Brgtigny the distances along the runway calculated by STALINS were compared with
those measured by the STRADA laser theodolite. As mentioned above, STRADA showed errors of up to 5 m over
roughly 1200 m in the centre of the runway. This error reproduced roughly, but not exactly, as a function
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of the distance along the runway. It was found to be possible to construct a "most probable error" line
along the runway. A "most probable correction" was constructed, which is thought to be correct within
± 1 m.

The STALINS values were first calculated by the automatic programme and the differences with the
"corrected" STRADA were plotted. In many cases the differences were small, but in some cases differences
of up to 10 metres occurred. After application of the acceleration correction derived from the "Schuler
curves", the speed errors calculated from the RASP distance were all within the quantization step in the
speed (0.04 m/s). When the speed correction based on the two RASPs was also app.ied, the differences
between the STALINS distances and the corrected STRADA distances were all within I metre. This showed that
the requirements of section 2 were met.

The landing measurements at Ypenburg were operational measurements made with the ROBOT cameras. The
STALINS equipment was added to obtain additional experimental information. The results have not yet been
fully analyzed, but they seem to confirm the conclusions drawn from the Br6tigny measurements. These
operational tests provided a few new insights which can be important for future applications:
- The tests were made in several groups of a few measuring runs with relatively long periods (15 minutes

4r more) between successive runs in the same group. These long periods between runs were partly caused
by the fact that the measurements were high-energy landings, after which the brakes had to be cooled in
the air, partly by interference from other traffic. It was found that it was not possible to reconstruct
the "Schuler curves". This was, in this case, not a large drawback because the time period from 50 ft
height to standstill was relatively short (less than 50 seconds) so that the "acceleration" correction
was small. Corrections only based on a constant-speed error gave reasonably good results.

- The distance between the RASP antennas was relatively short (300 m, against 1000 m at Brgtigny). This
resulted in less accuracy in the RASP check, In future measurements the distance between the RASP
antennas should be as large as possible.

- During several landings the aircraft did not come to a complete standstill. In some such cases the auto-
matic programme did not find a sufficiently long period of standstill and did not give results at all.
In other cases, however, the aircraft speed stabilized long enough at a low value for the automatic
programme to detect a "standstill". Then wrong horizontal distances were calculated which were, however,
detected by the RASP check.

5.2 Height

The tests at Brgtigny were conducted with the vertical channel modified by Litton. During the data
processing it was found that in all landings and RTOs the acceleration had exceeded the new range of 0-2 g
and that no trajectory could be calculated. Further investigation showed that the exceedance had occurred
when the aircraft was already on the ground and strong braking was applied. The cause was a high-frequency
(18 Hz) fuselage vibration which exceeded the measuring range, in general only once during a very brief
time period. But this provided a completely wrong height trajectory, which could not be corrected.

Typical results of the take-off measurements at Brgtigny are shown in figures 3 and 4. Figure 3 shows
the difference between the height according to the radio altimeter and the height calculated from STALINS
(transformed to the same point on the aircraft) against time; figure 4 shows the difference in heights
according to STRADA and STALINS. The oscillation just before the aircraft reached a height of 11 m in
figure 3 does not occur in figure 4. It occurs in a similar way for all flights and must be interpreted as
an error of the radio altimeter, caused by a non-linearity in its calibration at low heights that was not
taken into account during the data processing and by the sudden pitch-up of the aircraft. If this part is
smoothed, both figures show that the error in the STALINS calculation is well within the requirements of
section 2 in the critical range up to 11 m altitude. Beyond that both figures show a slight increase in
the difference to about 0.5 m at an altitude of 65 m (14420 seconds in the graph). The steeper increase
in figure 3 beyond that point is due to turning of the aircraft roughly at the end of the runway.

The results of the Ypenburg tests are still being investigated. For the majority of the runs figures
similar to those obtained at Br6tigny are found. For a few runs the differences of the STALINS altitude
with both the radio altimeter and the ROBOT altitude are larger. These are still being investigated, but
it seems likely that spurious pulses may have occurred there. They are clearly detected by the second-
stage criteria (comparison of accelerations of gravity and comparison with radio altimeter) and can be
corrected on the basis of that information.

6 CONCLUDING REMARKS

Although the reference methods against which STALINS was compared did not have the surplus in accu-
racy that one would have liked, the results of the tests described in this report provide strong evidence
that the STALINS method described in this paper meets the requirements specified in section 2.

404 Negotiations with the manufacturer of the inertial system are now under way to find optimal perform-
ance of the system even when high vibrations are present. It seems likely that some improvement can be
achieved.

The computer programme is being finalized, so that it will provide the information required for the

second stage of data processing in an optimum way.

4 The system is expected to be fully operational, with delivery of trajectory data within 24 hours, in
the course of 1981.
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REAL TIME SPACE POSITION FEASURENT

NW. J. Irwin

The Boeing Company
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SUMMARY

This paper discusses a Microwave Airplane Position System (MAPS) for measuring the
space position of a flight test airplane and time-correlating this position with other
varying test parameters. Operational range is normally within 10 km of the test range
or runway.

A number of microwave transmitter/receiver (T/R) units are located at surveyed
coordinates in an optimum ground pattern. Airborne equipment includes an
interrogdtor, digital processor, data storage units, pilot's guidance indicators and a
quick look ?ngineering station.

The airborne system interrogates each ground T/R in serial fashion and computes slant
range and range rate from the response. The computer performs position calculations in
r6al time using a high speed Kalman filtering algorithm. Data are tape recorded,
displayed to test engineers, and used to drive panel instruments which allow the pilot
tn follow a specific flight profile.

14TRODUCTION

Background

In flight testing tiere are many conditions where the three-dimensional position of
the airplane and its derivatives with respect to time are important parameters. About
a dozen tests of this nature, performed at low speed and altitude and close to an
airport, are routine in any major test program.

For many years we have determined position by using tracking phototheodolites and
specialized airborne camera systems. In particular, The Boeing Company's forward
looking and down-looking camera systems achieve 2a accuracies from about +3 meters
down to +1/3 of a meter, depending upon the test conditions. Accurately surveyed
ground targets are required; three or four must be visible in each film frame before
the camera position can be computed. Sophisticated calibration, reading and
corrective techniques are necessary to obtain accurate data. Weather and ambient
lighting often hinder testing. The data processing and analysis are slow, and the
waiting time is costly, particularly if data turns out to be unsatisfactory.

There is a great need for (1) real time guidance information to assist the pilot in
performing his tasks; (2) quick look engineering information onboard the test aircraft
to determine if the test objectives are being met; and (3) rapid turn-around on final
data. These requirements can be met only with an electronic ranging and data
processing system operating in real time during the test.

Methods investigated as possible candidates for an upgraded position measuring
capability included the use of inertial systems, radar and laser trackers with air to
ground telemetry, and several forms o' microwave distance measuring equipment. The
conclusion was that a microwave system, using a combinatinn of ground-based and
airborne components, including an airborne minicomputer, *ould best meet the
particular requirements.

Today, noise testing is a significant factor in programs to upgrade current engines and
aircraft. It will be very important in certifying the 767 and 757 models. Noise
testing has been the stimulus for allocating Boeing funds and manpower to the
development of an advanced space positioning system. Initially the emphasis is on
meeting the requirements for noise testing under Fcderal Air Regulation Part 36 (FAR
36). However, during design of the new system, the higher accuracy requirements and
special problems of performance testing have been anticipated.

General Requirements

Boeing Flight Test wanted the following in a system.

1) Air transportable on short notice in the test airplane to any of several distant
locations.

2) Quick deployment without special alignment or calibration.

3) Independence from ambient lighting or crew visibility.
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4) No modification of airplane structure or production systems which belong to a
customer.

5) No externally mounted components which affect aircraft performance.

6) Data provided within a 10 km radius and a 3 km height from a test site (which need
not necessarily be an airport runway).

7) Digital data output recorded on magnetic tape for post-flight analysis.

*, 8) Real-time guidance displays for the cockpit crew.

9) Real-time engineering data in the aircraft for onboard decision making during
testing.

10) A summary display immediately after completing a test condition, showing time-
correlated space position and other aircraft and engine performance parameters.

11) Telemetry of selected summary data to a ground station for merging with ground-
based measurements.

12) Accuracy at least sufficient to meet the position tolerances for noise testing per
FAR 36.

13) System to be fully evaluated and operational before the 767 aircraft certification
program, scheduled to begin in the Fall of 1981.

14) Hardware calibration and maintenance, and data base maintenance, to be performed
in the Seattle Flight Test Center, without dependence on remote base facilities.

Noise Testing

FAR 36 specifies how compliance with aircraft noise limits will be demonstrated.
Without going into detail, the conditions can be summarized as follows (see Figure 1):

1) Take-off overhead noise at a microphone 6500 meters from brake release on the
extended runway centerline. Simulated take-offs are made from low level passes;
after rotation at a predetermined point, climb is at constant airspeed.

2) Sideline noise at four or more microphone stations 450 meters on either side of the
runway in the region of greatest noise. Level fly-by's are used.

3) Approach overhead noise at a microphone 2000 meters from the threshold on the
extended runway centerline. A 3 deg. +1/2 deg. approach is flown at constant
thrust and airspeed.

Weather is restricted per FAR 36 with respect to temperature, humidity, precipitation,
wind and turbulence. At test sites from 300 to 3000 miles from home base, the weather
window will be open only for a limited time; perhaps for several days, or sometimes for
less than one hour every day. This is why a highly mobile system is needed; ground
transportation of tracking equipment to remote sites is impractical in this kind of
testing.

Interim System

To gain experience with DME equipment, Boeing acquired an interim microwave radar
system in 1978 for evaluation. This is a pulsed system using five ground transponders,
with an interrogator and distance measuring unit (DMU) in the test airplane.

The master unit in the airplane interrogates each transponder in fixed sequence and
determines the slant distance from the time delay of the return pulse. Ranges are tape
recorded and also processed in an airborne computer using a three-sphere solution
algorithm to compute airplane, x, y, and z space coordinates. This experience has
produced the following results.

1) Evaluation of the inherent hardware limitations of magnetron pulsed radar.

2) Verification of computer studies of accuracy requirements.

3) Evaluation of various transponder arrays.

4) Development of interface equipment for the recording system.

5) Development of application programs for processing data in flight.

6) Demonstration of the need for more sophisticated methods of real time calibration
and wave velocity correction, and for faster algorithms for computing velocity and
position.

I
I
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7) Pilot's experience with a display of computed distance-to-go. Requirements were
established for vertical and lateral guidance instruments.

The interim equipment did not have enough accuracy or growth potential for further
development, so a specification was written for a more advanced system. The Cubic
Corporation was selected, based on competitive bids, to develop a new system called
MAPS. The system has not been delivered yet, so this paper can only discuss how it is
intended to work. After experience is gained in testing over the next year or so,
perhaps there will be a subject for another paper.

SYSTEM DESCRIPTION

Airborne Data System

MAPS has a stand-alone capability, but as normally used it will interface with a High
Speed PCM System (HSPCM) and with an Airborne Data Analysis/Monitor System (ADAMS), as
shown in Figure 2. To the rest of the data system, MAPS looks like any group of
digital transducers. Its timing is controlled by the HSPCM system, its output is
recorded on magnetic tape and is immediately available to ADAMS for further processing
and display. Its pilot's indicators provide position information in real time for
controlling the aircraft's flight path.

The HSPCM system is a serial, ten-bit system; two adjacent words can be used for data
requiring more than ten bits. The sampling rates and sequence are programmable in the
Remote Multiplexer Digitizing Unit (RMDU). A data cycle is 200 msec; during this time
all channels are sampled sequentially and data is serially output and recorded on
magnetic tape. At the end of each cycle the RMDU outputs an end-of-cycle (EOC) pulse.
This is transmitted to MAPS for timing purposes, along with inhibit and clock pulses to
enable the transfer of data out of the MAPS buffer for recording.

The ADAM System obtains its inputs either directly from the PCM data stream or from a
read-head on the flight tape transport. ADAMS has its own Rolm 1666 computer and
applications programs for various purposes. With respect to MAPS, its task is to
interpolate between adjacent time-correlated space position samples to calculate the
exact time at a specified target, such as over a microphone, to merge this data with
related engine and airplane parameters, and to produce summary data for decision
making immediately after a test condition. Output devices are CRT screens and a high
speed line printer. Summary data can be edited and telemetered to the ground.

NAPS System

Battery powered transponders with omni-directional antennas are placed at surveyed
ground points in an optimized array. A set of Cartesian coordinates with a designated
origin is defined with respect to the array. The airborne equipment consists of an
interrogator, omni-directional antenna, distance measuring unit (DMU), Rolm 1666
computer and accessories, floppy disk, keyboard/CRT, high speed printer, and guidance
instruments in the pilot's panel.

The RF tracking equipment is based on Cubic's CR-100 precision ranging system, which
has been produced for more than a decade. Modifications have optimized the hardwarefor the MAPS application. It is a frequency modulated carrier wave system which uses

phase shift on the return of four harmonically related modulation tones to measure
range, and the Doppler shift of the carrier frequency over the round trip path to
determine range rate as each transponder is serially interrogated. A small cross-
dipole antenna in a 7 cm high fiberglass radome on the bottom of the fuselage handles
the two-way communication.

Each transponder has a unique identification code and responds only when queried.
Under computer control the interrogator calls one transponder at a time at intervals of
25 milliseconds. This provides 40 samples per second, or typically 5 samples per
second from each of eight transponders. The PCM data format can handle up to 19
transponders, and only three to six transponders per data cycle are required to obtain
tracking solutions, so there is considerable flexibility and growth in the system.

The interrogator, after sending a specific transponder identifier, superimposes a com-
posite of four modulating tones on the carrier during part of the 25 millisecond
interval. Each transponder, upon recognizing its ID, turns on and retransmits the same
tones on a shifted carrier. Back in the airplane, the returned signals are demodulated
and frequency components are compared. After a settling time, the slant range is
measured ac a function of phase lag in the returned modulation tones. Range rate is
averaged by clocking the carrier frequencies over a short time interval to determine
the Doppler shift. The half wave length of the fine tone is 51.2 meters; dividing this
with a ten bit digital phasemeter gives a range resolution of +5 cm. Similar treatment
of the other tones, all related in frequency by a factor of 16, provides a continuous
encoded range out to 210 km without ambiguities. Overlapping bits provide data quality
checks and the effect of bit errors is small, since only the six least significant bits
out of the 22 bit range word are not redundant or subject to limit checking.
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The digital output of range rate has a resolution of +9 mm/second and a maximum value
of 288 meters/second.

For each interrogation, the output to the Rolm computer is a block of seven parallel
16-bit words containing transponder ID, data quality indicators, raw range and range-
rate, time since EOC, and other parameters. MAPS timing is normally based on receiving
an EOC pulses at 200 millisecond intervals; however, for stand-alone operation in the
absence of these pulses, it has the capability of generating its own timing signals.
MAPS calibrates itself at set intervals by dropping one interrogation and using that 25
milliseconds to measure its internal time delays. The total delay is converted to an
equivalent range correction and applied to all range measurements until the next
calibration cycle. This procedure eliminates errors from drifts in the airborne
transmit!receive circuits.1 The airborne Rolm 1666 computer in MAPS is identical to the one in ADAMS. Inter-
changeable components simplify spares, maintenance and allow hardware to be used on

other aircraft when MAPS is not in use. Equipment mounts in standard 19-inch racks.
The processor has 64K words of memory. The computer operates under Data General
Corporation's Real Time Operating System (RTOS). Peripherals include a Boeing-
designed keyboard, 17-inch CRT, Miltope floppy disk, and Datametrics line printer.
Under system control, the software consists of routines for initialization, space
position solutions, flight path processing, equipment failure reporting and interrupt
handling. Figure 3 illustrates the interfacing of the computer with other equipment.

The pilot's display consists of a digital indicator showing distance to go in meters to
a designated point on the programmed flight path, plus an analog instrument, similar to
an Instrument Landing System (ILS) indicator, where moving bars show lateral and
vertical deviations from the intended path. Sensitivity or scale of both indicators
can be changed by keyboard command. The update rate of the digital display also is a
keyboard variable. These instruments allow the pilot to fly the airplane on a
predetermined 3-D flight profile, knowing his position within a small volume at all
times. Figure 4 shows these indicators.

The transponders are rugged, low power devices operating from two 12-volt automobile
or motorcycle batteries. They are placed at surveyed points and left unattended. Low
power drain during stand-by, and the short "ON" time when interrogated, allow several
days between battery charges. The coordinates of each transponder are entered in the
data base. Transponders are located to give maximum space position accuracy for a
particular test. For example, z or height above the ground is most accurate when the
airplane is directly above a transponder; x and y coordinates of the airplane are most
accurate when ranges from two transponders at 90 degrees are measured. Thus, a common
array for noise testing is a line of transponders underneath the flight path with one
outrigger well off to one side, as shown in Figures 5A and 6. Other configurations
have also been tested. The shape of the z error curve is illustrated in Figure 7.

The primary data outputs from MAPS are the computed x, y, z coordinates of the airplane
antenna as a function of time. Raw range and range rate have to be corrected for
calibration factors and atmospheric index of refraction. Then the corrected values
are processed to obtain space position coordinates which are displayed in real time to
the pilot and test engineers. They also are recorded on the flight tape along with
data quality bits, raw range and range rate words, and time since EOC. Since EOC
pulses and IRIG time also are recorded, MAPS data can be time correlated with other
measurements, and it also can be reconstructed later by processing raw data in a
ground-based computer if desired. During a data cycle, as data from each transponder
is processed, it is stored in the output buffer as seven ten-bit words. At the end of
the cycle the latest airplane x, y, z coordinates and the corresponding time from EOC
are recorded in a similar block. Space position coordinates are output once per data
cycle, or five times per second.

MAPS software has four modes of operation. Mode switching is by keyboard command or in
some cases is automatic.

1) Initialization mode includes start up, loading the data base into the CPU from the
floppy disk, making modifications to the data base, and confirming system
operability.

2) Preflight mode allows ground testing before flight, including exercising the
pilot's instruments.

3) Flight Operational mode is the normal mode for calculating airplane position.
Certain criteria determine the algorithm to be used. Normally in flight a Kalman
filter routine is used to perform a position solution every 25 milliseconds,
updating the solution after each transponder is interrogated. A Kalman filter
uses weighted values of previous state parameters (position and velocity
components) to predict new state values at the next sample time. Then at that time
the measured values are compared to the prediction, and the estimate Is updated.
The state parameters are carried along at 40 updates per second with only small
corrections and small errors. However, the Kalman filter requires reasonable
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initial data from which to begin predicting. To initialize the filter, the
software first selects the best transponders based on availability, quality of
their response, and best geometry. It then performs a crude estimate of aircraft
position using a least square algorithm involving three transponder ranges
extrapolated to a common time (see Figure 8). After a number of iterations to form
an improving estimate of position, a linear fit is constructed through the settled
data to give an initial position and velocity. During this process initial values
for terms of the position and velocity error covarience matrices are determined.

• .Then the Kalman filter is started and the solution converges rapidly to minimize
the errors; the whole process takes only a few seconds. This procedure allows MAPS
to start or restart the position algorithm from any position on the range with no
prior knowledge of the aircraft position. It also is automatically followed if the
airplane is on the ground and the filter algorithm cannot obtain a solution until a
sufficient altitude is reached to give the proper geometry.

4) Ground tracking is a fourth mode which allows the Kalman filter to be used with
fixed z and zero vertical velocity. The filter then estimates and updates only in
x and y. This mode allows precise tracking of the aircraft during take-off,
refused take-off and other ground operations.

SYSTEM EVALUATION

MAPS should be delivered to Boeing with static testing completed by the end of this
year. Dynamic testing on an airplane will begin early next year. There is no method
of determining the true position of an airplane in flight, and MAPS should be as good
as, or better than, any other instrumentation with which it can be compared. There-
fore, evaluation will have to be statistical, comparing position, velocity and
acceleration data derived from MAPS, INS and IRS, photo theodolite, radio altimeter,
Doppler radar, accelerometers or other available sources. Before the 767 flight test
program begins, MAPS should be fully evaluated, and accepted for noise certification.

Error analyses predict root sum square errors (1d) of +0.16 meter for range and +0.008
meter/second for range rate. The accuracy of the computed x, y, z coordinates dipends
upon how the geometry of the array amplifies these errors. Using two properly located,
well separated transponders, x and y accuracy of this magnitude can be achieved. The
same is true for z when the airplane is directly over a transponder. The error in z is
a strong function of the elevation angle of the slant range vector; however, with
proper spacing of transponders, and switching based on optimum geometry, z error can be
controlled with acceptable limits for a given test.

Error analyses include the estimated effects of resolution, stability, phase jitter,
velocity, acceleration, multipaths, timing, signal strength, temperature, atmospheric
index of refraction, and array geometry. They indicate that the accuracy requirements
for noise testing, shown in Figure 9, should be met with no difficulty at altitudes
above 60 meters.

SYSTEM APPLICATION

The first application of MAPS will be for noise testing. The goal is to make it the
sole source of space position data, eliminating the present photo theodolite equipment
from these tests.

Application to certain performance tests will be investigated as time allows. The
ground operating mode designed into MAPS will allow it to provide data during take-off
roll, refused take-offs, landing roll, thrust reverser tests, minimum ground control
speed tests, rollout drag tests, etc. Airborne applications can include low altitude
static source calibrations, and approaches including multi-segmented profiles.
Special techniaues and arrays will aid in expanding its capability as experience is
gained.

CONCLUSION

In conclusion, MAPS is expected to provide real time position information which will
facilitate the completion of noise testing. It also has potential applications in
performance testing. It will aid the crew in flying the desired test conditions, and
before the aircraft lands they should know if the test objectives have been met. By
reducing reflights, higher utilization of test airplanes should be possible, and costs
should be reduced. If the expected accuracy of MAPS is achieved, it will provide a
significant improvement over the camera systems now ir use.
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PRACTICAL ASPECTS OF INSTRUMENTATION INSTALLATION IN SUPPORT OF SUBSYSTEM TESTING

Robert W. Borek
NASA Dryden Flight Research Center

P. 0. Box 273
Edwards, California 93523

U.S.A.

SUMMARY

Two topics pertaining to the practical aspects of instrumentation
installation are discussed. First, some of the problems associated with
using military specification MIL-W-5088H as a guideline for wire gage
selection are discussed. Examples of proper use of this specification as
a criterion for interfacing wire bundles and connectors are provided.

The second topic, which is discussed more briefly, is a technique
developed for NASA known as sneak analysis. The quantitative results
of 22 projects that have used this technique are reviewed, and examples
of sneak analysis are given.

1.0 INTRODUCTION

Instrumentation system installation has many practical aspects; this paper is limited to a discussion of two
topics related to practical installation design.

Experience at the NASA Dryden Flight Research Center has shown that the guidelines used to assist in the deter-
mination of wire sizes, connectors, and resulting wire bundle sizes require a thorough understanding before being
used. An example of one such guideline is military specification MIL-W-5t88H (Ref. 1), which concerns the wiring
of aerospace vehicles. This paper provides some of the information that would be helpful in using this document.

Failures in aircraft and aerospace vehicle instrumentation systems must not affect the safety of the aircraft or
its crew, and for this reason the systems and subsystems must be very carefully interfaced. One of the tech-
niques used to review interface designs is referred to as sneak analysis. Sneak analysis is the other major topic
of discussion in this paper.

2.0 AEROSPACE VEHICLE WIRE GAGE SELECTION

Various specifications govern the installation of instrumentation systems in military aircraft. However,
military specification MIL-W-5088, entitled "Wiring, Aerospace Vehicle," probably has more influence than any
other. This specification was initially published in March 1951, superseding specification AN-W-14a, which was
issued in May 1945. The specification outlines the selection and routing of wiring used in aerospace vehicles
and was intended to establish a design-selection criterion for basic aerospace vehicle wiring. In the 30 years
since its inception, sufficient wire bundle information has been incorporated in this specification to permit its
use as a guide for instrumentation installation. The document is the basis for most of the tables that list the
continuous duty current-carrying capacity for single wires and wire bundles used in aerospace vehicles.
However, more information than is usually provided by such tables or by excerpts from this military specifica-
tion is necessary for the proper utilization of the document. The material below gives some of the information
that would be helpful in using the military specification.

!, 2.1 Use of MIL-W-5088H in Wire Gage Selection

Any wire carrying current in an aerospace vehicle electrical system must satisfy two basic criteria: it must
be able to carry the required current without overheating, and it must carry the required current without great-
er than specified voltage drops. Both of these criteria can be met by selecting the proper wire size for the stated

*maximum current. The wiring table shown in Figure 1, which is taken from MIL-W-5088H (the version of
MIL-W-5088 published in July 1979), was prepared for the guidance of the engineers and technicians responsible
for selecting electrical wiring. However, this table departs from the wire current rating tables shown in previous
versions of this military specification, and it fails to mention all the information necessary to its proper use.
First, the table no longer applies to single wires; second, the basis for ampere rating is different, as explained
in footnote 2; and third, the issuance fails to mention that the specified wire sizes are AN (aircraft number)

* designations, the size designations used for military aircraft (Ref. 2). The omission is important, because, as
shown by the following discussion, this gage designation is susceptible to confusion with AWG (American wire
gage) designations (Ref. 3).

j The differences between the two gage designations are illustrated by Table 1, which is based on Reference 4.
First, AWG sizes pertain only to solid wires. However, stranded wiring is often referred to as being "AWG
equivalent" in size. The difficulty is that there are variations in the circular mil area of the wires so designated.
(in Table 1, the AN wire gages alluded to in MIL-W-5088H are identified by asterisks. In this paper, only the
remaining wiring is referred to as "AWG equivalent.")

To avoid confusion, most wire manufacturers include stranding characteristics or circular mil area or both
in addition to wire size. The importance of this practice is shown by a comparison of Tables 1 and 2: the sizes
listed in Table 2 as AWG sizes would more accurately be referred to as AN sizes.

The important thing is that based on circular rnil area the current-carrying capacity of a wire of a given
AN gage is not the same as that of a wire with the same AWG designation. Table 1 shows that AN wire sizes 22, 20,
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and 18 have a greater circular mil area than either AWG solid or AWG equivalent wiring. Further, AN wire
size 16 has less circular mil area than either the AWG solid or AWG equivalent wiring. These varidtio, s are also
reflected in the outer diameter and weight of each wire gage. Since MIL-W-5088H is based on AN gage size, it
is imperative that wiring identified according to AN gage size be used.

2.2 Use of MIL-W-5088H in Wire Selection and Bundling

In order to illustrate the use of MIL-W-5088H as a design guideline, applicable figures from this document
have been reprinted in this section.

The current rating for a single wire in free air (that is, a stranded AN gage wire) is shown in Figure 2
(Fig. 4 in MIL-W-5088H). For clarity, only wire sizes AN 24 to AN 6 are shown (wire sizes 4 to 4/0 have been
omitted). The figure relates wire current-carrying capacity in amperes to environmental and wire temperature
ratings as measured at sea level.

Current derating curves for wire bundles are shown in Figure 3 (Fig. 5 in MIL-W-5088H). This is the first
complete bundle derating graph to appear in this military specification. Before this issuance (H), bundle loading
was fixed at 20 percent. This graph includes 40, 60, 80, and 100 percent loading and has increased the usefulness
of the specification.

The current derating curve for altitude is shown in Figure 4 (Fig. 6 in MIL-W-5088H). The altitude informs-
tion as shown here has been augmented to include altitude in kilometers.

The following two examples illustrate the use of these figures. For the first example, assume that a wire
bundle consisting of 12 AN 20 gage, 2000 C (3920 F) rated wires are to operate at an ambient temperature of 250 C
(770 F) at an altitude of 3 kilometers (10,000 feet). For example 2, assume an ambient temperature of 1100 C (2300 P)
and an altitude of 15.2 kilometers (50,000 feet). Further assume that all 12 wires will be operating at maximum
capacity. MIL-W-5088H can be used to determine the maximum current capacity of the wire bundle for both alti-
tudes as follows.

(a) For both examples, the first step is to derate the wiring for ambient temperature. Refer to the appropriate
curve in Figure 2 to determine the difference between the manufacturer's wire rating and ambient temperature, AT.
For example 1,

AT = 2000 C - 250 C = 1750 C (3470 F)

For example 2,

AT = 2000 C - 1100 C = 900 C (1940 F)

Therefore the free air ratings of AN 20 gage wire are 28 amperes for example 1 and 20 amperes for example 2.

(b) The next step is to derate the wiring for bundling effects. Bundle derating curves are shown in Figure 3.
The 100 percent loading curve is used, because each wire is to carry its maximum loading. Locate 12 on the
abscissa (since 12 wires are being used); the derating factor is 0.53.

(c) Now derate the wire using the 0 .53 factor. For example 1.

28 amperes X 0.53 = 14.8 amperes

For example 2

20 amperes X 0.53 = 10.6 amperes

(d) The wire bundle must then be derated for altitude. Refer to the altitude derating curve in Figure 4.
A For example I, the derating factor for 3 kilometers (10,000 feet) is 0.92. For example 2, the derating factor

for 15.2 kilometers (50,000 feet) is 0.71. To derate the wire bundle for altitude, apply these derating factors to
the current values determined in (c) above. For example 1,

A14.8 amperes X 0.92 = 13.6 amperes

For example 2,

10.6 amperes X 0.71 = 7.5 amperes

(e) The total bundle current capacity for example 1 is then

13.6 amperes X 12 = 163 amperes

The current capacity for the same bundle under the conditions set for example 2 is

7.5 amperes X 12 = 90 amperes

These examples show the magnitude of the difference in the amount of current the same wire bundle can carry
In selecting wire size, the instrumentation engineer may choose to design for the worst case condition (example 2)
or for specific flight conditions (example 1).

In examples I and 2, *)oth the size and the number of the wires in the installation were specified and sup-
porting calculations were made to determine the maximum current capacity of the wire bundle. If the results had
been unsatisfactory, new calculations using a different wire size would have been required.
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The order in which the calculations are made is reversed for situations where a required current is known.
If 9.0 amperes instead of 7.5 amperes of current were required per wire under the same conditions and with the
same wiring installation as in example 2 above (12 AN 20 gage wires at an ambient temperature of 1100 C (2300 F)
and an altitude of 15.2 kilometers (50,000 feet)), the only design change possible would be to alter the bundle
derating factor. The only way to alter this factor would be to separate the wires into two or more bundles,
reducing the number of wires per bundle. To find the maximum number of wires for a single bundle, take the
following steps:

(a) Determine the free air rating of AN 20 gage wire. For a AT of 900 C (1940 F), the rating to 20 amperes.

(b) Derate the value in (a) by the altitude derating factor as follows:

20 amperes X 0. 71 = 14.2 amperes

(c) Then, since the bundle size is unknown, use the current value thus determined and solve for the bundle
derating factor that results in 9.0 amperes:

14.2 amperes X Derating factor = 9.0 amperes

Then

Derating factor = 9.0= 0.63

A 0.63 bundle derating factor permits only eight wires in a bundle under these conditions. At this point
it might seem reasonable to use the initial design of 12 conductors, but the wiring can be separated into two
bundles and then recombined at the connector into a bundle of 12. This may or may not be a good idea, however,
since the interfacing connector must also be rated as a wire bundle equivalent.

3.0 CONNECTOR SELECTION CRITERIA

When flight test instrumentation is installed or modified, the wiring already existing in the aircraft is often
used. Therefore, connector selection must be based partially on the interface with the existing subsystem.

MIL-W-5088H is careful to point out that the current ratings in Figure 1 cannot be directly applied to connector
contacts. The military specification can be and often is used as a design aid, however, and many connector
manufacturers publish connector data accordingly (as shown in Fig. 5, from Ref. 5). One of the problems asso-
ciated with correlating connector and wiring specifications through the use of this military specification is that
updated versions of the specification may be difficult to apply to designs based on earlier versions of the speci-
fication. For example, the maximum current ratings and test current values shown in Figure 5 cannot be easily
correlated with the current ratings shown in MIL-W-5088H, although they can be directly correlated with the
ratings in MIL-W-5088E and earlier issuances.

Nevertheless, the connector manufacturer's approach is correct in that it considers the effects of the wire
bundling in rating the connector. In effect, a connector converts all of the wires routed through it into a bundle,
particularly if the contact density is high (Ref. 6). Thus, all of the factors that limit bundle configuration should
also be considered in selecting a connector.

To assist engineers and designers in the choice of connector, connector manufacturers usually provide
design criteria like the time-temperature curves shown in Figure 6 (Ref. 7). Figure 6 shows the time and temper-
ature limits of a connector designed to operate at high temperatures. The shell size is 12 and the contacts are
AN 20 gage. Although the information shown represents operation at sea level, the manufacturer states that the
connector will operate satisfactorily at altitudes greater than 18.3 kilometers (60,000 feet). That, in addition to
the fact that the temperature curve limits are based on a connector contact temperature of 2390 C (4620 F) permits
the information in MIL-W-5088H for wire bundles to be used to evaluate the connector. If the connector is assumed
to be equivalent to a wire bundle, the effects of the dielectric block in which the contacts are positioned should be
considered equivalent to the characteristics of the wire insulation. In the following discussion, the conditions
specified for example 2 discussed above (an ambient temperature of 1100 C (2300 F) at an altitude of 15.2 kilometers
(50,000 feet)) and MIL-W-5088H are used to evaluate the connector.

• As shown previously, 9.0 amperes can be continuously routed through a wire bundle of eight AN 20 gage
wires at 2000 C (3920 F). The question to be answered is this: if eight of the 12 wires In the connector represented
by Figure 6 carry 9.0 amperes, can the connector tolerate the other four wires carrying 7.5 amperes? If it cannot,
a new design approach will be necessary for the connector.

i The problem may be approached as follows.

(a) Determine the single wire in free air rating:

AT = 2390 C - 1100 C = 1290 C (2640 F)

*From Figure 2, obtain the current rating of a size 20 wire for a AT of 1290 C (2640 F). The resulting rating
is 24 amperes.

(b) Refer to Figure 3 (the bundle derating curve) and derate the connector (wire bundle) for 100 percent

loading. The derating factor for 12 contacts (wires) is 0.53.

(c) Now derate the free air rating from (a) by the bundle derating factor found in (b):

24 amperes X 0.53 = 12.7 amperes
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(d) The connector (wire bundle) must now be derated for altitude. From the altitude derating curve, the

derating factor for 15.2 kilometers (50,000 feet) is 0.71.

(e) Derate the connector (wire bundle) using the bundle derating current value from (c) and the altitude
derating factor from (d):
Sfo 12.7 amperes X 0.71 = 9.0 amperes

The 9.0 amperes from (e) indicate that each of the contacts in the connector can continuously carry 9.0 amperes.
Thus, the connector can easily tolerate eight wires carrying 9.0 amperes and four wires carrying 7.5 amperes.

One further point may be of interest. From the calculations in example 2, the bundle current capacity
at 15.2 kilometers (50,000 feet) for a 1100 C (3200 F) ambient temperature is 90 amperes. The 90 amperes can be
distributed in any way deemed desirable as long as the individual wire current capacity is not exceeded, and as
long as the concentration of high-current wiring does not cause uneven connector overheating. For example, 10
wires could carry 9.0 amperes each, or six wires could carry 9.0 amperes each and six wires could carry 6 amperes
each. In either case the total is 90 amperes.

4.0 DETERMINATION OF CABLE BUNDLE SIZE

The installation of instrumentation and its wiring usually requires the fit of the components, hardware, and
cable bundles to be carefully checked. The problems associated with routing wire bundles through existing
bulkhead access holes and areas of similarly restricted space can be alleviated if the size of the wire bundle can
be estimated when the design is still on paper. The following formula provides a useful method for estimating
wire bundle size (Ref. 8). The estimate is made as follows:

D = 1.13 (d 2 N) 1 / 2  (1)

where

D diameter of bundle

d diameter of cable or wire

N total number of wires of diameter d used in the bundle

A common type of cable to which this calculation may be applied is a twisted-shielded pair. The cross section
of this type of cable is oval with a twist rather than round, and when it is measured for the value d, two values
result: the maximum value (in this example, 0.61 cm (1.24 in.)), and the minimum value (0.41 cm (0.16 in.)).
For the following calculations the maximum value will be used.

First, let N be 40 (the total number of twisted-shielded pairs) and let d equal 0.61 centimeter (0.24 inch).
Then

D = 1.13[(0.61)2 X 40]1 / 2 cm

= 1.13X 3.86 cm

= 4.36 cm (1.72 in.)

The circumference of the wire bundle would be xD, where 7 equals 3.14 and D equals 4.36 centimeters
(1.72 inches). The calculated circumference, 3.14D, equalr 13.7 centimeters (5.4 inches). The measured
circumference equals 13.2 centimeters (5.2 inches).

The formula for diameter is also valid for bundles of mixed wire sizes. Consider , wire bundle consisting of
wires of two different sizes, 0.14 centimeter (0.054 inch) and 0.61 centimeter (0.24 inch). There are 25 wires of

the first size and 16 wires of the second. Then the diameter of the bundle is the total of the d2 N values, as follows:

22
(0.14) X 25 = 0.49cm2

(0.61)
2 X 16 = 5.95cm

2

The total of the d2 N values is 6.44 square centimeters (0.99 square inch). From equation (1),

D = 1.13 (6.44) 1/2 cm

= 2.87 cm (1.13 in.)

The calculated circumference. 3. 14D, equals 9.0 centimeters (3.6 inches). The measured circumference equals 8.9
centimeters (3.5 inches).

5.0 SNEAK ANALYSIS

Another subject of concern to those involved in instrumentation is the increasing complexity of aerospace
vehicles and their systems. This complexity has made it necessary to adopt a systematic approach to the verifica-
tion of system and subsystem interfacing.
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One such approach is a computer-aided sneak analysis technique developed for the space program (Ref. 9).
Sneak conditions are hidden or unrevealed conditions existing in electrical designs which usually appear to be
satisfactory, but may under a given set of conditions prevent a desired type of operation or invite an undesired
type of operation. Seven sneak conditions are described below.

Sneak circuit or path: An unexpected current flow path.

Sneak timing: A problem that at an unexpected time either produces or prevents a flow of current, thereby
either activating or inhibiting a function.

Sneak indicator: An indicator that displays ambiguous or faulty system operating conditions.

Sneak label: An ambiguous or abbreviated label that may result in operator error.

Sneak procedure: A set of incomplete or poorly written instructions that may result in improper system
operation.

Drawing error: An error in an electrical schematic or wire list or a discrepancy between the two.

Design concern: A design weakness, such as improper or inaccurate redundancy or unnecessary circuitry.

The sneak conditions listed above are all latent problems that may develop immediately or long after initial
system operation. Although sneak analysis can be applied to any electrical system, it is most cost effective to
apply it to subsystems that jeopardize unique or costly larger systems.

5.1 Quantitative Results of Sneak Analysis

The contribution of sneak analysis to flight safety and subsystem interfacing can best be demonstrated by
comparing the different types of sneak conditions quantitatively.

Table 3 lists the results of sneak analyses that were performed on 22 vehicles or systems. Some systems were
ground based; others were airborne, such as aircraft and missiles. The column entitled "combined" consists of
five types of sneak conditions (sneak paths, sneak timing, sneak indicators, sneak labels, and sneak procedures).
The two remaining columns, entitled "design" and "drawing," complete the list of sneak conditions considered.

A comparison of the values in the three columns reveals that drawing errors are by far the most common
sneak condition. Drawing errors outnumber other sneak conditions in 14 of the 22 systems listed. In five of the
eight remaining systems, drawing errors rank second. This underlines both the difficulty and the importance
of completeness and accuracy in the schematics and listings used to describe aircraft/instrumentation system
interfaces.

The network tree in Figure 7 illustrates a problem of omission encountered during the development of a
computer-aided sneak analysis. Since the device at point A is not identified and its circuitry routing is not
identified, it is designated a high impedance point and computer analysis stops. If similar omissions exist in
other areas, the documentation for the overall system will be difficult to interpret. This type of error, which in
and of itself may be considered a sneak condition, also prevents the circuitry from being analyzed for other types
of problems, such as sneak paths. The solution to the problem of incomplete documentation is obvious, but docu-
mentation is incomplete for most instrumentation installations.

5.2 Examples of Sneak Conditions Revealed by Analysis

Figures 8 to 14, which are taken from References 9 and 10, exemplify different types of sneak conditions.

Figure 8 shows a report on a sneak path. The condition was found during an analysis of the B-737 research
support flight system. The sneak path would have allowed the 28 volt engage interlock bus to have been shorted
to a ground through a suppression diode, which in turn would have caused the relay contacts to weld together.
locking the system in the engage mode.

Figure 9 is an example of sneak timing. The altitude hold switch could have dropped out after being engaged.
In addition to being a design concern, this is a problem of timing and is caused by the normal operation of break -
before-make contacts in a relay. The problem can be eliminated by changing to a make-before-break relay.

Figure 10 shows sneak indicators. A ground indication falsely indicates that four relays are reset when only
two of the four are monitored by the indicator. This problem could cause a ground test checkout to verify a cir-
cuit that could be failed.

Sneak labels are shown in Figure 11. The sneak label is on a telemetry measurement that indicates that the
right landing lights are on. The label, however, indicates "landing lights on". This is an unmanned aircraft,

*and the measurement could cause the operator to believe that all landing lights are on when only the right landing
lights are on.

Figure 12 illustrates a sneak procedure. The problem involves the lost carrier check, which is supposed to
be performed between 7 minutes and 2 minutes before the vehicle is launched. If this check were to be performed,
it would activate the timing circuits for the vehicle's drag md main chutes. This would cause the mission to be lost.

Figure 13, from Reference 10, illustrates a drawing error. This illustrates the problem of incomplete documen-
tation. Since the usage of the wires listed is unknown, each is assumed to be open ended.

Figure 14 shows a sneak design concern. Part of the circuitry of a flight control amplifier is shown. If
any one of the diodes in the three-phase input power fails, the capacitors used in the circuit would fail.



6.0 CONCLUSIONS

The latest issuar.ce of military specification MIL-W-5088, which is dated July 1979, has made it possible to
design wiring bundles and to select compatible electrical connectors for instrumentation systems installed in air-
craft for subsystem testing. However, the military specification must be used carefully. The design and selection
procedure is facilitated by the use of a simple and quick method of determining the wire bundle diameter, which
is described.

Since the interfacing between the instrumentation and other night systems must be reliable and must not
affect the performance of other systems, a method was developed to detect potential flaws in the performance of
the instrumentation. In practice, the method, which is known as sneak analysis, has shown drawing errors to
be the most common source of error.

7.0 REFERENCES

1. Engincering Specifications and Standards Dept., Wiring, Aerospace Vehicle, Lakehurst, N.J., Naval Air
Eng. Ctr., 1979, MIL-W-5088H.

2. General Services Administration, Wire, Electrical and Nonelectrical, Copper, (Uninsulated), 1960, QQ-W-343,
p. 26.

3. Donald G. Fink and H. Wayne Beaty, eds., Standard Handbook for Electrical Engineers, Eleventh ed.,
New York, N. Y., McGraw-Hill Book Co., c.1978, pp. 4-19.

4. Standard Wire and Cable Co., Fifth ed., El Segundo, Calif., c.1977, p. 47.

5. Cannon Standard Line Connectors, Santa Ana, Calif., ITT Cannon Electric, c. 1979, p. 20.

6. Roland B. Lawrence, Electrical/Electronic Interconnection Systems, Third ed., Binning, Calif., The
Deutsch Co., c. 1975.

7. Amphenol High-Reliability, Environment Resistant Miniature Connectors, Technical Manual-
MIL-C-26500/38300/26518, Broadview, 111., Amphenol Connector Div. [ca. 1962) , pp. 2-12.

8. Louis F. Caso, Approximating Cable Diameters, Design News, Vol. 25, no. 1, Jan. 5, 1970.

9. The Boeing Co., Uncovering Electrical Problems . . .Before They Cause You a Problem [1975).
(Available from The Boeing Co., Space Div., Houston, Tex.)

10. Robert C. Clardy, The Boeing Co., Sneak Circuit Analysis of F8 Digital Fly -by-Wire Aircraft, 1976, D2-118582-1.
(Available from NASA Dryden Flight Research Center, P. 0. Box 273, Edwards, Calif.)

II



27-7

TABLE 1. -COMPARISON OF AN AND AWG DESIGNATIONS
[Ref. 41

AWG solid wire "AWG equivalent" stranded wires

Wire Circular Approximate Stranding. Circular Approximate
size ml area outer diameter, number of wires X size mil area outer diameter.

cm (in.) cm (in.)

22 640 0.0643 (0.0253) 7 X 30 700 0.076 (0.030)
19 X 34* 754 0.079 (0.031)
26 x 36 650 0.076 (0.030)

20 1020 0.0813 (0.0320) 10 X 30 1000 0.089 (0.035)
19 X 32* 1216 0.094 (0.037)
26 X 34 1032 0.091 (0.036)
41 x 36 1025 0.091 (0.036)

18 1620 0.1024 (0.0403) 7 X 26 1769 0.122 (0.048)
16 X 30 1600 0.119 (0.047)
19 X 30* 1900 0.125 (0.049)
41 X 34 1627 0.119 (0.047)
65 X 36 1625 0.119 (0.047)

16 2580 0.1290 (0.0508) 7 × 24 2828 0.152 (0.060)
19 5 29* 2426 0.147 (0.058)
26 X 30 2600 0.150 (0.059)
65 X 34 2580 0.150 (0.059)
105 X 36 2625 0.150 (0.059)

*AN size referred to in MIL W 5088.

TABLE 2. -EXAMPLE OF AN GAGE WIRING LISTED AS AWG
[Ref. 41

f" UftC.U Mm. *2vt ramFkL Ut
fta"WN Am, barn tte.*u ohm/ift 0irn (I.*u1 LhsIUOft

22 11064 19 34 155 0033 152 086 71
20 11067 i9.32 1216 0041 942 096 90
18 1106-10 19.30 90A 0052 603 IDS 121
16 1106-13 9, 29 2426 0060 4.72 116 143

14 1106-16 19 27 3831 0074 299 141 21.5
12 1106-19 19 * 25 6 088 0093 88 160 305
10 110&22 49,27 9880 0128 116 194 480
8 1106-25 133 29 16983 0176 070 243 75.0

5 1106-21 133 27 26.818 0218 0436 292 1140
4 1106-31 133 25 42615 0272 0274 357 1730

TABI.E 3. SNEAK ANALYSIS I)ISTRIIB1UTION FOR 22 SYSTEMS

Type of sneak

System
Combined, Design. Drawing.

percent percent percent

1 11.7 60.3 28.0
2 14.9 0.5 84.6
3 39.0 29.0 32.0
4 24.7 53.4 21.9
5 113 5.9 82.8
6 11.5 4.9 83.6
7 10.0 41.4 48.6
8 34.2 15,8 50.0
9 14.8 7.9 77.3

It 13.7 2.2 84.1
II 7.5 10.0 82.5
12 12,5 50.0 37.5
13 27.8 16.7 55.5
14 12.1 0.8 87.1
15 74.2 11.9 13.9
16 13.7 23.9 62.4
17 11.0 4.0 85.6

18 60.5 18.5 21.0
19 97.0 1.6 14.0
20 7.5 10.0 82.5
21 3.7 55.6 40.7
22 25.0 16.7 58,3
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TABLE I. Current Rating of Wires. _

(See 3.8.8.1, 3.8.8.1.1. 3.8.8.3)

Continuous duty current (amperes) 2/
Conductor Wire Wires in bundles, groups or harnesses
material size

Wire temperature rating

105*C 150C 200"C

Copper 1/26 2 3 4
or 24 3 4 5

Copper 22 4 6 7
Alloy 20 5 8 10

18 7 11 14
16 8 12 16
14 11 17 22
12 15 22 29
10 19 30 38
8 26 39 50
6 35 53 68
4 48 72 93
2 66 100 130
1 78 115 148

1/0 89 135 173
2/0 106 159 203
3/0 125 186 241
4/0 146 220 287

8 17
6 23

Aluminum 4 30
2 43
1 50

1/0 57
2/0 68
3/0 76
4/0 86

The use of these wires requires procuring activity approval.
Rating is for 70* C ambient, 33 or more wires in the harness
with no more than 20% of harness current capacity being used,
at an operating altitude of 60,000 feet.

_/ Current rating of wire terminating hardware is not covered by
this table.

Notes: 1. Ratings are for copper conductors size 4/0 through
size 22 and copper alloy for size 24 through 26.

Figure 1. Current ratings of wires from page 42 of MIL-W-5088H.

SINGLE WIRE IN FREE AIR E SZ 24 2 .

t if"SZ 24 221 20 116 1 2 1

,t

["': ° ,so- -:-

4 i 60 --

I 50 _ _4

I/ NOT TO BE USED AS A SINGLE WIRE"

1 0

2 3 4 5 6 7 a 9 0 20 30 40 50 SO 70 90 90 100 200 300

~CURRENT AMPERES

Figure 2. Current ratings for single wires in free air.
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TEST CURRENT
Maximum current ratings of contacts and maximum allowable voltage
drop under test conditions when assembled as in service are shown below.
Maximum total current to be carried per connector is the same as that
allowable in wire bundles as specified in MIL-W-5088.

CURRENT RATING (MIL-C-5015G test method)
SMax. Curret Test Current Ptental DropSContalct size Itatifts (1 *) (Mp$) (01ilivIts)

16 22 13 50

12 41 23 50

8 73 46 25
4 135 80 14
0 245 1SO 12

Figure 5. Example of connector contact current ratings
referencing MIL-W-5088 (Ref. 5).

300 AMPERES

AMBIENT 200-_ / AMBIENT
TEMPERIATURE, _ 300 TEMPERATURE,

C ]oo, OF

0 . 1.0 10 100 100

EXPOSURE TIME, Hr.
I I I

0 5 10 3060

EXPOSURE TIME, Min.

Figure 6. Exposure time and temperature limitations for a 12 pin connector based on a
contact temperature of 2390 C (4630 F) (Ref. 7).

E1 PWR
28VDC ANNUNCIATOR PNL 401

XREF N.S. 590 11 1 F

t IBBI

S0142

TO TELEMETRY

Figure 7. Sneak circuit network tree.
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SUMMARY OF SESSION IV - INSTRUMENTATION TECHNIQUES

The trends indicated in instrumentation are toward the use of distributed digital systems
and microcomputers and therefore to the installation of digital data busses. These trends
have certainly been stimulated by the availability of the small, power-efficient, rugged
and inexpensive digital components but they have also been necessitated by demands for
increased data rates - to measure increased numbers of parameters with higher frequency
content. Other topics which receive much attention are the installation time and
flexibility of the installed system and real-time data analysis or at least shorter turn-
around times.

Examples were given of multiplexed data busses in an advanced fighter configuration, a pro-
grammable multi-purpose instrumentation system, and the impact of integrated circuits (mini
and microcomputers) on, for example, on-board real-time data reduction. An airborne system
for measuring takeoff and landing performance, almost fully automatically, using an iner-
tial sensing system was discussed and a multi-transponder microwave system for real-time
position measurement of an aircraft was described. Both of these latter systems have been
developed to streamline portions of the data reduction process during civil aircraft cert-
ification flight testing; however, each will require validation trials before it will be
accepted by the certifying agencies.

Finally, the importance of the human element has not been eliminated by these more "intel-
ligent" instrumentation systems. Much of'the drudgery can be removed from the flight test
analyst's job but he must still make intelligent use of the data.

(During this Session, the FMP Chairman M. Jean Renaudie presented Flight Mechanics Panel
AGARD Plaques to Mr. A. Pool of the Netherlands National Aerospace Laboratory, and
Mr. Kenneth C. Sanderson of the United States and formerly with the NASA-Dryden Research
Center, in appreciation of their work on AGARDograph 160 Flight Test Instrumentation Series.

Mr. Ken Sanderson has served as an editor for the Flight Test Instrumentation Working Group
since Spring 1975. He has been an extremely diligent member of this Working Group and his
services will be sorely missed. Mr. Sanderson retired from NASA in June 1980 and will re-
tire from the Working Group in April 1981.

Mr. Tony Pool has served as the European Editor for the Working Group since its inception
in 1968. He was also a contributor to Volume IV "Instrumentation Systems" of the AGARD
Flight Test Manual which was published in the mid-1950s. Mr. Pool has agreed to continue
as an editor for the Flight Test Techniques Series which is just getting started.

Messrs. Sanderson and Pool are true AGARDians. Their unselfish devotion and many hours
of night and weekend work are sincerely appreciated.)

I -
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SUMMATION BY THE TECHNICAL PROGRAMME COMMITTEE

The overall aim of the symposium was to review the current status of aircraft sub-
system flight testing technology. Some general thoughts which have been provoked by
the papers and discussion in relation to this aim are expressed in this final summary.

In the preface it was noted that one specific objective of the symposium was to illus-
trate the diversity of problem and solution in the field of sub-system testing. Most
certainly this has been achieved; with presentations on topics ranging from micro-
miniaturised avionics to the 'heavy' engineering of undercarriages and guns; from the
impact of climatic extremes to the elusive effects of electro-magnetic radiation; from
test techniques and instrumentation facilities of sophisticated complexity to those of
simple elegance; and from aircraft to helicopters.

Embracing this variety, the four main subject areas of the symposium may be recalled -

- Navigation/Attack Systems Testing

- Aircraft Systems Testing

- Environmental Testing

- Instrumentation Techniques

The first session revealed that, from a pure test standpoint, navigation and attack
system testing procedures are well defined and are aided by modern measurement and re-
cording equipment. There is a need to plan, develop, and utilize ground-based simula-
tions prior to and during flight testing to reduce test flying, to evaluate failure
modes and redundant systems, and to validate changes prior to flight. For both types
of systems, the need for a "global" view of testing emerged, where major components are
treated as parts of a total system rather than as isolated sub-systems.

In the second session, test and instrumentation techniques for evaluating various, un-
related sub-systems were presented. These techniques emphasized the need to evaluate
carefully the intended use of the sub-system, then prepare a test technique and a mea-
surement technique. The need to consider the electromagnetic environment of the sub-
system and aircraft was noted and a strong point was made that electromagnetic inter-
ference potentials must be recognized and corrected during the aircraft design stage.
Methodologies to accomplish reliability and maintainability evaluations during initial
testing of an aircraft were presented. Techniques to check early reliability and main-
tainability and to correct defects are available, but fixes are usually expensive.

Session III disclosed that environmental testing has achieved considerable maturity and
is now normally regarded as an essential part of an aircraft development program. A
number of environmental test capabilities were described as were their instrumentation
systems. Environmental qualification is an incremental process starting with design
support testing, then full scale simulated environmental testing, and finally, natural
environment testing.

The final session showed that trends in instrumentation are toward the use of distribu-
ted digital systems utilizing micro-computers and digital data buses. The trend has
been stimulated by the development and availability of small, power efficient, rugged,
but inexpensive digital components. Examples were given of airborne systems that per-
mit on-board real-time data reduction.

Despite the varied subject matter, one common theme emerged clearly from all sessions.
It concerns a maturing attitude to sub-system development. There was a time when the
flight proving of sub-systems was commonly regarded as almost incidental to 'mainstream!
aircraft development in areas such as flying qualities, structural integrity and mission
performance. Sub-system testing was often merely tolerated on a ride-along basis, to
be tackled in depth only when a particular system gave trouble. By contrast, the pre-
sentations of this symposium have repeatedly demonstrated that sub-system development
is now approached in far more positive fashion, and with deeper engineering concern.
Four factors would appear to have contributed to this -

- Systems themselves are becoming more complex, and more dependent one upon the
other. They are far less amenable than hitherto to the "we'll put it right when it
goes wrong" approach.

- The facilities for measuring, recording and processing data now provided by the
instrumentation community are already extremely powerful, and their power is growing

* steadily.

- Modern computation has dramatically increased predictive and analytic capability,
particularly through mathematical models and simulation.

- There is now greater willingness, partially inspired by the cost of flight trialL
to invest in sophisticated rigs for ground testing.
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Whilst none is entirely new, these factors now combine in supporting a widespread
initiative to meld all available contributions from analysis, prediction and ground test
with elegantly instrumented flight trials in the forceful pursuit of more effective sys-
tem developments; to consider from the outset the requirements and functioning of a
system, and to devise a coherent and carefully constructed development process for it:
in essence, to bring to sub-system development the level of engineering thinking which
has previously been largely reserved to overall aircraft concepts. This trend can only
be beneficial and must be encouraged.

A further general observation on the symposium concerns the preponderance of papers with
a strong avionic content. Once again this emphasises the dramatic growth in aircraft
electronics, and ads force to the conviction, expressed in discussion, that whilst air-
vehicle trials will always remain, the future flight testing scene will be dominated by
avionics. Directly associated with this development is the fact that avionic systems are
particularly amenable to integration of instrumentation and the system itself, especially
through the medium of the data-bus. Instances were quoted where up to 50% of the total
data recorded in flight trials were already heing acquired in this way. The interactive
situation so produced lends further need to the carefully considered development processes
admired earlier.

In final conclusion, the Technical Programme Committee were encouraged to believe that the
aims of the symposium were substantially met. This was achieved through the considerable
efforts of the authors and session chairmen, and the active participation of the attendees,
all of whom we would thank. As evidenced here, rapid changes are occurring in the tech-
niques of flight testing and further symposia in this field should be encouraged.

J. F. O'GARA

F. N. STOLIKER
Members, Flight Mechanics
Panel
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